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The Center for Devices and Radiological Health of the Food and
Drug Administration has performed research over the past two
years with financial support from the Walter Reed Army Institute
of Research. This research has addressed three tasks which are
described below. The details of these studies may be found in
the 14 publications listed below. Copes of these publications or
abstracts are attached.

This work has addressed the health issues concerning exposure of
humans to electromagnetic radiation. These concerns stem, in
part, from reported epidemiological studies which have shown an
association between exposure to extremely low frequency (ELF)
fields and cancer; thus, interest in ELF as a potential tumor
promotor has occurred in the scientific community. Cancer cells
often express mutated versions of normal cell cycle regulatory
genes called proto-oncogenies. An agent such as ELF could cause
altered expression of a proto-oncogene and/or other genes which
could lead to inappropriate cell proliferation and increase the
likelihood of transformation. These concerns are further raised
by ELF modulated radiofrequency and microwave radiation. There
are reports in the literature to suggest that levels of ODC and
calcium may be altered by ELF unodulated RF fields. Again, the
health consequences are unknown. However, such changes in second
messengers could result in effects on gene expression which, in
turn, could have adverse consequences.

A summary of results of the 14 attached abstracts or reports is
given below for convenience. The reader is referred to the
individual reports for details.

Task 1. The objective of the first task was to identify
conditions of exposure which produce kinetic effects. Several
different cell lines were used, including HL 60, Daudi, human
peripheral blood lymphocytes, and GM1500B. These results taken
as a whole do not provide a comprehensive picture of dose
response. First, we find that there is an apparent cell line
dependence to response of c-myc expression when exposed to 60 Hz
magnetic fields (Ref. 4, 6, 13, 14). For some dose response
measurements there appears to be a threshold of about 0.75 mG
(Ref. 6, 8, 14). The variance with other reports in the
literature may indicate that more than one mechanism is
operative. These issues can only be resolved with more
investigation.

Studies of pulsed microwaves showed a pulsed dependence (Ref. 5).
Exposure of normal human lymphocytes to continuous wave 2450
microwave fields showed no difference in exposure and controls at
non-heating levels. For pulsed exposure there was a non-thermal
response. The question remains as to whether this response was
due to the peak value of the pulse or due to the ELF modulation
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frequency (100 Hz repetition rate). Further studies to resolve
this issue will be conducted in the future but are unresolvable
at this time due to equipment failures.

Task 2. Effort under this task addressed the mechanistic issues
of whether a particular responder gene(s) may be responsible for
observed ELF effects on gene expression. Tranfection of Schwann
cells with a plasmid containing the SV-40 T antigen under the
control of the metal regulatory element (Ref. 8, 10). These
results indicate that specific promoter genes may be responsive
to ELF fields. Studies indicate that alteration in the promoter
used cause it to become non-responsive to ELF fields. Some
promotor genes are responsive to ELF fields and other are not.
Follow up of these studies may be most important in determining
mechanisms of ELF or ELF modulated RF responses.

References 2, 9 and 12 further address mechanisms. It has been
suggested that observed effects of ELF fields on cellular systems
are membrane mediated processes. It has been further suggested
that shifts in the levels of calcium, acting as a second
messenger, may play an important role. Considerable effect was
expended in investigating shifts in intercellular calcium of one
particular cell line, Jurket, using flow cytometry methods. No
changes in intercellular calcium were observed with this cell
line under a wide variety of exposure conditions. It is not
known at this time whether this is simply a cell type dependent
phenomena or whether this is indeed an indication of a general
negative response. It has been suggested that changes in calcium
may be too small to be noted under these conditions.

Further studies (Ref. 7) suggest that the cell membrane is the
necessary responsive agent. The effects of ELF on specific
oncogene expression was apparent in intact Daudi cells. However,
the same experiment run with intact nuclei only showed no
response. Care was taken in this experiment to assure a parallel
of the biological activity (see attached for details). This one
would conclude that the membrane was cytoplasmic membrane was
important for this assay.

Task 3. The objective of this task was to investigate specific
therapeutic applications of ELF or ELF modulated RF fields as
well as investigate any possible adverse effects for specific
treatments. References 1, 2, 3 and 11 address this issue.
First, We have found that 60 Hz fields can be useful in
inhibiting the reabsorption of specific bone onlay bone graft to
the facial skeleton. Not only was there inhibition of any
resorption, but there was an actual increase in the size of the
onlay under specific exposure conditions. These results indicate
a clear biological response to 60 Hz magnetic fields of 1 Gauss
or greater (Ref. 11). In addition, References 2 and 3 indicate
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that by and large there are no detrimental effects from this
exposure over the short period. However, there was an
observation of a dose-dependent decrease of serum albumin and
corresponding leakage of protein into the urine. This could
suggest that the ELF field is interacting with the kidney
glomerular basement membrane to effect the leakage of a specific
protein. One rabbit did develop a tumor, and a cell line was
isolated from this tumor to see if it was particularly ELF
responsive. These results are reported in Ref 1. Although this
cell line exhibited an interesting response to ELF, it would be
impossible to associate the development of this one tumor with

exposure to 60 Hz.

Again, these studies will hopefully add to the data base to
provide further clues to the health effects of ELF and ELF
modulated RF fields.
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ABSTRAC

Several immortalized ccll lincs have been isolated from a tumor growth of a rabbit that
was under going ELF exposure. One of thesc cell lines became anchorage independent in growth.
Chracterization of this cell line revealed significant responses to ELF exposure. Further study of
this cell line may lead to better understanding of mechanism of ELF interaction with the cell.
INTRODUCTION

A New Zealand White male rabbit which underwent whole body exposure to 60 Hz
continuous waveform at 1 gauss for 6 hrs./day, 5 days/week developed a tumor mass
approximately one month post initiation of thc exposure regimen. At the end of the three months
exposure period, the mass measurcd approximatcly 10 cm in diameter. In order to characterize
and elucidate any relationship between 60 Hz magnetic ficld exposure and the development of
this tumor growth, efforts were made to establish cell lines from explants of the tumor.
MATERIALS AND METHODS

At necropsy, the tumor was harvested immediately. Within 15 minutes of sacrifice, the
tumor was minced in Hank's balanced salt solution without calcium or magnesium which had
been prewarmed to 37°C in a sterile glass crlenmeyer flask supplemented with 1 mM EDTA.
After mincing, the tissucs were transferred to several glass erlenmeyer flasks containing
prcwarmed RPMI-1640 supplemented with 15% FBS, 25 mM HEPES, 1.25 U/ml Dispase, 0.3
mg/ml collagenase, 1 mg/ml hyaluronidase and incubated overnight at 37°C in a 5% CO,
incubator. The next day, the media were removed from the erlenmeyer flasks and replaced with
RPMI-1640 without scrum but supplemented with 1.25 U/ml Dispase and 0.5 mg/ml of
collagenase. After 30 min. incubation at 37°C, the suspension was pipetted vigorously and then

centrifuged at low speed. The pellets were washed three times with RPMI-1640 + 20% FBS and




then seeded into scveral small tissue culture flasks. Cells were incubated in a CO, incubator at
37°C for 24 hours. After the cclls appcared to have attached well to the substratum, the media
were carefully pipetted off and replaced with fresh RPMI-1640 + 20% FBS and cells were then
routinely split every 3 to 4 days to isolate immortalized cell lines. Eight of the 32 flasks
inoculated with minced tumor cxplant proliferated and exhibited foci formation without reaching
confluence on day 4 of culture.

The following analysis were used to characterize the immortalized cell lines: flow
cytometry, electron microscopy, two-dimensional protein gel clectrophorcesis, and nuclear run-off
assay.

RESULTS

The foci of these immortalized cell lines (Fig. 1A) were sclectively passaged using
a cloning cylinder to transfer focus forming cells. One of the resulting cell lines eventually
exhibited anchorage indcpendent growth. That cell line, R3, was further characterized by flow
cytometry, elcctron microscopy, two dimensional protein electrophoresis and nuclear run-off
assay. Flow cytometric analysis of RNA fluorescence with acridine orange cxhibited significant
increase in RNA fluorescence when exposcd to ELF ficlds (Fig. 2). Another cell line (R4) which
rctained anchorage dependent growth did not exhibit any increase in RNA fluorescence with ELF
exposurc (Fig. 3). Elcctron microscopy study of R3 did not demonstrate any virus particle
harbored by this cell line (Fig 4). Daudi, a human Burkitt lymphoma ccll line which harbor the
EB virus scrved as the positive control and showed viral particle (not shown). Two-dimensional
protcin gel clectrophoresis revealed apparent irduction of several new proteins in exposed cells
(Fig. 5) as comparced to control (Fig. 6). Nuclear run-off assay demonstrated over cight to

cighteen fold increasc in c-Ha-ras, N-ras and c-sis oncogenc expression (Fig. 7, Table 1).




DISCUSSION

The immortalized ccll lines isolated from the rabbit undergoing ELF exposure have now
been continuously carried in culture for over 12 months and continue to cxhibit foci formation
(Fig. 1A) and continue to display uncontrolled prolifcration potential. This is in contrast to
primary cultures (Fig. 1B) isolatcd, using the same procedure, from normal soft tissues that were
immediately adjacent to the tumor. In addition, these immortalized ccell lines have been tested
positive for anchorage independent growth. With 60 Hz, 1 gauss, exposure, these cells showed
changes in 2-D protein gel pattern and significant incrcase in RNA fluorescence as analyzed by
flow cytometry which are not exhibited by other immortalized cell lincs.

There are threc possible causes for the origin of the rabbit tumor. One possibility is
spontaneous formation. Another possible causc may be duc to endogenous oncogenic virus. This
is unlikely since clectron microscopy study did not identify any viral particles in this ccll line.
The third possible rcason infer that somchow the origin of this tumor may be linked to ELF
exposure. To test this possibility, time and cfforts were spent in trying to isolatc immortalized
ccll lines from the tumor. The obscrvations that these rabbit tumor cell lines respond significantly
to ELF fields when analyzed by multiple analytical techniques arc supportive of this possible
cause for the origin of the parent tumor. Currently, thesc anchorage independent cells have been
inoculated into the flanks of nude micc in an attempt to asscss their tumor forming potential with

respect to ELF exposure.




Fig. 1B. Primary culture isolated from
surrounding normal tissue.

Fig. 2. R3, RNA fluorescence histograms of
exposed and control cell populations.
(Increase RNA result in fluorescence

shift to the right on ordinate.)
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Fig. 3. R4, RNA fluorescence histograms of
exposed and control cell population.




Fig. 5. Two-dimensional protein gel of
R3 exposed to ELF. (Arrows
indicate new protein spots.)

Fig. 4. Electron micrograph of R3 cell.

Fig. 6. Two-dimensional protein gel
of R3 control.

NUCLEAR RUN-OFF

Fig. 7. Nuclear run-off assay'.
A) R3 exposed
B) R3 control
C) R3 nuclei exposed
D) R3 nuclei control.
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ABSTRACT

Numerous in vitro and in vivo biological cffects duc to cxposurc to ELF ficlds have been
reported (1). However, there is a paucity of data relating those findings to health effects. This
prompted us to initiate a pilot animal study which would address possible discase pathology.
Twelve young adult 3 kg New Zcaland White male rabbits were divided into three groups. One
group served as the control and was exposed to ambient magnetic ficlds which ranged from 1 -
8 mG. The second and third groups were cxposed to 1 and 5 gauss 60 Hz magnetic ficlds,
respectively, for 6 hours/day, 5 days/weck for the 14 week period. The animzls were examined
visually throughout the entire subchronic 14 weck period. One rabbit which was exposcd to the
1 gauss magnetic field dcvclopﬁd a tumor growth on the left posterior flank 1 month into the
exposure regimen. At the end of 14 weeks, Complcte autopsics were performed and specimens
from the heart, lungs, splecn, adrenal glands, kidneys, liver, gallbladder, pancreas, stomach,
jejunum, ilcum, large intestine, urinary bladder, testis, submandibular and sublingual glands,
femur, quadriceps femoris muscle, cerebrum (cortex and hippocampus), cerebellum, and retina

as well as any tumor or cnlarged lymph nodes were obtained. Each specimen was fixed with

2.5% paraformaldchyde, cmbedded in paraffin and scctioned at 4 pm. Hematoxylin & Eosin

stain, Pcarls' iron stain and reticulin stain werce used. There were no positive findings in all the
organ specimens with the cxception of the lung, liver and urinary tract. In the hepatocytes of
cxposcd animals, lipofuscin deposition was more remarkable. Slight hemosiderin deposition in
hepatocytes of control animals was less prominent in the exposed animals. Onc of the control
rabbits showed an abscess in the lung, likely 10 be of bacterial origin. All the exposed rabbits
revealed cystitis with crosion, squamous metaplasia, lymphocyte and plasma cell infiltrations in

the bladder mucosa indicating chronic inflammation. Onc of the exposed rabbits showed chronic




inflammation in the renal pelvis. The tumor in the flank was diagnosed as an abscess. However,
this pilot animal study rcvealed no significant discase pathology associated with subchronic
exposure of 60 Hz magnetic \ficlds at 1 and 5 gauss.
INTRODUCTION

Extremely low frequency (ELF) electromagnetic ficlds (EMFs) have bcen reported to
cause various biological effects (1). Increasingly, ELF medical devices are being tested under
clinical trials for potential therapeutic applications in clinical medicine. Concurrent with the
optimism of new modalities of trcatment, there is also concern for possible adverse effects on
the human patients. That concern is heightened by recent reports in the litcrature on the increased
risk of cancer, especially leukemia and certain central nervous system cancers, being linked to
occupational EMF exposure (2-4). Even though ELF devices are currently being used clinically
to treat non-union fractures, only limited numbers of studics have been done on animal models
with regard to health cffects. This led us to initiate this subchronic study which asscsses possible
disease pathology associated with 60 Hz ELF magnetic ficld cxposure at onc and five gauss.
MATERIALS AND METIIODS

Twelve young adult 3 kg Ncw Zcaland White male rabbits werce divided into three groups.
One group scrved as control and was exposed to ambicnt EMF in the Twinbrook Rescarch
Laboratory animal carc facility. The sccond and third group werc exposed to 1 and S gauss ELF
ficlds at 60 Hz, respectively, for 6 hr/day, 5 days/week for 14 weceks. Each day, the animals to
be exposcd were placed in plastic cages which were then placed in a large Helmholtz coil
cxposurc system. All rabbits were housed in the same room in the animal carc facility and
received the same food and water ad lib. The temperature, humidity and lighting were controlled

and monitored throughout the experiment. The rabbits were examined daily for any obscrvable




gross changes. After 14 weeks of exposure, the rabbits were humanely sacrificed and necropsy
was performed. Specimens from the heart, lung, spleen, adrenal gland, kidney, liver, gallbladder,
pancreas, stomach, jejunum, ilcum, colon, urinary bladder, testis, submandibular and sublingual
gland, femur, quadriceps femoris muscle, cerebrum (cortex and hippocampus), cerebellum, and
retina as well as any tumor or enlarged lymph nodes were obtained. Paraffin embedded histologic
sections were prepared and stained with Hematoxylin & Eosin. For liver and kidney specimens,
Pearls' iron stain and reticulin stain were also used. In addition, kidney specimen werce processed
for transmission clectron microscopy (TEM).
RESULTS

Examination of the H& E-stained tissuc scctions for morphology unacr light microscopy
revealed no abnormal findings in all the exposed rabbits' organs with the cxception of the lung,
liver and urinary tract. In the hepatocytes of the ELF exposed rabbits, lipofuscin granules were
more prominent than control animals (Fig.1a-c), and dcposition was obscrved mostly in the
periportal arca. In the hepatocytes of control rabbits, slight deposition of hemosiderin was
observed around the central vein, but in those of exposed rabbits, hemosiderin deposition was less
prominent. Onc of the control rabbit showed abscess in the lung, likely to be of bacterial origin.
All the cxposed rabbits had mild to scvere cystitis with crosion, squamous mctaplasia,
lymphocyte and plasma cell infiltrations in the bladder mucosa indicating chronic inflammation.
However, in the control group, only onc rabbit showed chronic cystitis. Onc of the cxposed
rabbits showed chronic inflammation at renal pelvis. Reticulin stain revealed no abnormality in
the glomeruli of the cxposed animals. TEM showed normal appearing bascment membrane in the
glomeruli of control and cxposed kidneys without abnormal deposition or fusion of the podocytes.

Examination of the tumor from the rabbit exposed to 60 Hz ELF ficlds at onc gauss




-,

showed a non-indurated cystic soft tissuc mass in the left posterior flank. The tumor was
movable by palpation. When first noticed after 1 month of exposure, the tumor measured 4 cm
in diameter. The tumor stcadily increascd in sizc to approximately 10 cm in diameter at necropsy.
During necropsy, a yellowish amorphous scmiliquid content was obscrved after opening the
tumor sac. Pathological Examination under light microscopy showed abscess with chronic
inflammation (Fig.2). In some part of the abscess wall, fibroblasts with slight atypia were
observed (Fig.3). No evidence of neoplasm was found. Several different portions of the abscess
wall were inoculated in tissue culture media in an attempt to isolatc possible transformed cell
lines. Isolation and characterization of cell lincs derived from the abscess wall will be presented
in an companion paper.
DISCUSSION

Histological cxaminations revealed no major changes in morphology except prominent
lipofuscin deposition in the liver and urinary tract infection in the exposed animals. Lipofuscin
represents the indigestible residues of autophagic vacuoles formed during aging or atrophy, and
its derivation through lipid peroxidation of polyunsaturated lipids of subccllular membrancs are
suggested (5). Whether chronic exposure of ELF lcads to increased cellular lipid peroxidation will
be an interesting arca for further study. Hemosiderin is an iron-protein complex storing cxcess
iron in the cytoplasm (5). Iron kinctics may be changed by exposure to ELF ficlds to cffect
decreascd storage of iron. Since cxcess iron appears to be associated with carcinogenesis (6),
further cvaluation of the cffect of ELF on iron metabolism is warranted.

We examined the kidneys both by light microscopy and clectron microscopy in order to
clarify the possible role of kidney in decrcased serum albumin and increased urinary protein

described in a companion paper. These studics showed normal structure of ~ndothetium, basement




membrane and podocytcs. Thus, the kidney is not responsible for the altered protein patterns in
the scrum and urine provided that protcin lcakage is always associatcd with morphological
changes dctectable by electron microscopy. One of the possible explanations for protein alteration
would be immunosuppression since all the exposcd animals showed chronic urinary tract
infection. This idea may explain serum albumin decrease, urinary protein increase and high
frequency of urinary tract infection. Further investigation is nccessary for the evaluation of
immunological factors such as T cell, B ccil, polymorphonuclear leukocyte (PMN) and
macrophage function.

The tumor found on the hip of onc of the exposcd rabbits was identificd as a non-
neoplastic abscess. Several cell lines resembling fibroblast in phenotype were established from
cells isolated from the abscess wall. Surprisingly, no bacterial contamination was observed. One
ccll line became anchorage independent and dramatically responded to further ELF exposure.
(See the companion paper for details). Sincc we found fibroblasts in a local arca of the abscess
wall that was slightly atypical, thosc atypical cclls may be the origin of our cell lines. Why
abscess was formed on the hip is unknown. We observed abundant PMN in the tumor wall and
cavity. The rcactive oxygen specics produced by PMN or macrophage (7) may be responsible
for the initiation of fibroblasts.
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FIGURE LEGENDS

Fig.1. a, control rabbit, liver. Hepatocytes show no cytoplasmic granules (H&E, x 400); b, 60

Hz, 1 gauss—exposed rabbit, liver. Hepatocytes at the periportal arca show cytoplasmic brown

pigment deposition (H&E, x 400); c, same as b. Negative results by Pearls' iron staining indicate

that these intracytoplasmic granules are lipofuscin (Pearls' iron stain, x 400).

Fig.2. Wall of the tumor that appcared in 60 Hz, 1 gauss—cxposcd rabbit. Diagnosis, abscess

wall. Erosion, infiltration of polymorphonuclcar leukocytes and macrophages arc prominent

(H&E, x 400).

Fig.3. Abscess wall. Fibroblasts with slight atypia were scen in a small arca of abscess wall

(H&E, x 400).




AN

N o Tl
S S -
N o e

iR

g
. .
4 ) ANLBN .
S \g g g
P
B Ghedd
Ve

(gn 4

7 AR 7 ’,rﬂ.ﬂ?
- .\\a(&. »

B l-“ o
DI
L%
ALY

FIG.1a

FIG.1c

FIG. 3

~r

-

gy

Pl
<o\

_ \-5

PR
”b?} &~
¥ ,:’."\
"','.. \

‘.
S8
23
Ry

\ Py

e
»

Ao o

co‘y.,( s
Y b L
¥ SRR

-
- e
-

”
—~
A it

] ?)‘ -
T -
»
el
a\
?\
L]
v

>
bl
R
M
"
o
/
™
° gy,
X
Yo o
et
o
frad
> ot
o e ‘
H 3 S,
bl M”!\ '
-
NP
PTG

Trewe;
L4
b -
cal AT
S

o (ug’u-" -
oy
)'l
£ Y
B
@
PP ¥ ¥
N
'~\r's a
| e
S
T,
1Y
X
“.' [}
Y
1
- »




= 2

DOSE-DEPENDENT HEALTH EFFECTS EXHIBITED IN RABBITS EXPOSED TO
60 HZ MAGNETIC FIELDS AT 1 GAUSS AND 5 GAUSS
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ABSTRACT

Recent epidemiological studies have rcported a possible association between presumed
exposure to 60 Hz magnctic ficlds and hcalth cffects of persons working with power generation
and transmission cquipment. For a rccent review, please sce Coleman and Beral, Int. J.
Epidemiol. 17:1-13, 1988. We have initiated a pilot animal study to asscss possible relationships
between 60 Hz magnetic ficld exposure and any obscrvable health effect. Twelve 3 kg New
Zcaland White male rabbits were divided into three groups. One group served as a control and
was exposed to ambient Background magnetic fields ranged from 1 - 8 mG. The sccond and the
third group were exposed to 1 and S gauss magnetic ficlds respectively for 6 hours/day, S
days/week for the 14 week pcfiod. Onc rabbit which was exposed to 1 gauss magnetic ficld
developed a tumor growth on the left posterior flank 1 month into the exposurc regimen. At the
end of 14 weeks complcte autopsics were performed and specimen from all major organ systems
were obtained for histopathologic studies. Blood and urine specimen were obtained by cardiac
and suprapubic puncturcs, respectively, prior to sacrifice. Coded blood and urine specimen were
analysed by an independent clinical laboratory blinded to the study. Analysis of the data indicates
that blood albumin dccrcascd while urine proteins increased with increasing magnetic ficld
exposure. Urine protcin clectrophoresis performed also exhibited a dose dependent accumulation
of a single protcin band (migrating in the alpha 2 region of human scrum standard) with
increasing exposurce. These trends suggest that 60 Hz magnetic ficld may somehow interact with
the kidney glomerular bascment membranc to produce the dosc-dependent health effects
obscrved in this study. The appearance of this single wnidentificd protein band with ELF exposure
in the urinc may serve as a convenient marker for monitoring extremely low frequency (ELF)

cxposure.
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INTRODUCTION

Many reports have been published in the litcrature suggesting chronic health cffects with
electromagnetic ficld (EMF) exposure (1,2). Animal studies with mice have found incrcased body
weight gain, incrcased organ weight and clevation of certain circulatory hormones with exposure
to extremely low frequency (ELF) EMFs (3-5). In vivo studies on rabbits showed transient delay
in growth when cxposed outdoors. But, the results were not reproduced indoors with 10 kV/m
electric fields (6). Therefore, a pilot study to assess 60 Hz magnetic fields at one gauss and five
gauss were initiated to search for any health effects detectable in the rabbit that may be linked
to ELF exposure.
MATERIALS AND METHODS

Twelve 3 kg New Zealand White male rabbits were divided into three groups. One group
scrved as control and was exposcd to ambicnt EMF in the Twinbrook Research Laboratory
animal care facility. The sccond and third group were exposcd to 1 and 5 gauss ELF at 60 Hz
respectively for 6 hr/day, S days/weck for 14 wecks. Each day, the animals to be exposed were
placed in plastic cages which werce then placed in a large Helmholtz coil exposure system. All
rabbits were housed in the same room in the animal carc facility and received the same food and
water ad lib. The temperature, humidity and lighting were controlled and monitored throughout
the experiment. The rabbits were examined daily for any obscrvable gross changes. After 14
weeks of exposure, the rabbits were humancly sacrificed and necropsy was performed.
Histological specimen from the following organs were obtained: Heart, lung, spleen, adrenal
gland, kidney, liver, pancreas, stomach, jejunum, ileum, colon, urinary bladder, testis, quadricep
femoris muscle, femur, and submandibular gland. Paraffin embedded slides were prepared and

stained for cach specimen. Scrum and urine specimen were also obtained. The following clinical



laboratory tcsts were performed on coded specimen: Complete Blood Count (CBC), Chemistry
Profile, urinc analysis, scrum and urinc clectrophoresis.
RESULTS

Table 1 shows the cffcct of 14 wecks cxposure on the body weight of the rabbits to 1
gauss and 5 gauss at 60 Hz. There are no significant differences in body weight between control
and ELF exposcd rabbits. Table 2 shows a comparison of organ wcights of cach rabbit adjusted
for total body weight. There is an apparent 20% increase in lung weight of rabbits exposed to
5 gauss ELF. There were no significant differences found in CBC or cheniistry profile except
dosc dependent decrcases of albumin concentration in the serum. Concurrently, there are dose—
dependent lcakage of protcins. into the urine. These results are shown in Table 3 and 4
respectively. Because of the positive corrclation between both scrum albumin and total protein
levels in the urine and the magnctic ficld strength, serum and urine protcin clectrophoresis were
performed. The clectrophorctograms arc shown in Figures 1 and 2 respectively. Figures 3 and
4 depict the scan of control and 1 gauss ELF cxposed serum protcin clectrophorcesis pattern
respectively. There appears to be an additional migrating band in Figurc 1 in two of the four
rabbit scrum exposed to ELF as comparcd to control. This is illustrated in the scan profiles of
Figure 3 and 4. Figurc 2 also shows a ncw protcin band in the urine of exposed rabbits which
co-migratc with alpha 2 region of human secrum standard. Control rabbit urine was devoid of this
protcin band. This ncw band is barcly visible in the urinc samples from rabbits exposed to 1
gauss ELF. The samc migrating band is clearly visible in the urine samples from rabbits cxposed
to 5 gauss ELF.

The histopathological evaluation of cach of the organs and the tumor found in onc of the

rabbits cxposcd to 1 gauss ELF will be reported in a companion paper.




DISCUSSION

Unlike the reports in the literature, this pilot study did not show increascs in total body
weight nor any organ specific weights. The elevation of lung weight in rabbits exposed to 5 gauss
ELF were probably due to pooling of blood into the lung resulting in congestion during sacrifice.
Instead, this study demonstrated positive effects of subchronic exposure of 60 Hz ELF on serum
albumin and urine protein. It is interesting that the perturbations observed correlate with ELF
field strength. We observed a dose—dependent decreases of serum albumin and corresponding
leakage of protein into the urine. One possible explanation is that perhaps ELF is interacting
with the kidney glomerular basement membrane to effect the leakage of this specific protein into
the urine with ELF exposure. When analyzed by urine protein electrophoresis, surprisingly, there
is a dose-depcendent appearance of a protcin band co-migrating to the alpha 2 region of the
human serum standard. The identity of this new protcin band nceds to be clucidated and it is
unlikely to be albumin by its clectrophoretic pattern of migration. The appearance of this urine
protein band may serve as a convenicnt marker for ELF exposure if it is reproducible. It would

be of interest to investigate whether this phenomenon can also be found in primates and humans.
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TABLE 1. EFFECT OF SUBCHRONIC ELF EXPOSURE

BODY WEIGHT (gram) TABLE 2. EFFECT OF SUBCHRONIC ELF EXPOSURE
SPECIFIC ORGAN WEIGHT*
CONTROL ELF, 1G ELF, 56
ORGAN ' ' :
S ] D. Mean S.D. Mean S.D. Mean S.D.
MEAN BRAIN 030 o 0.38 0.05 032 005
CONTROL 3452 354 MEART 020 O© 022 005 022 005
KIDNEY 028 005 030 o0 030 0

ELF, 1G 2798 375 LUNG 035 006 038 005 048 005
ELF 5G 2988 306 LIVER - 180 024 228 028 218 022
_’ TESTIS 012 005 0.18 005 0.18 005

EXPRESSED AS % OF BODY WEIGHT (n=4)
(n=4)

TABLE 3. EFFECT OF SUBCHRONIC ELF EXPOSURE| TABLE 4. EFFECT OF SUBCHRONIC ELF EXPOSU

SERUM ALBUMIN (g/dl) URINE TOTAL PROTEIN
]
Mean SEM TOTAL PROTEIN
CONTROL 4.0 0.3 CONTROL NEG
ELF, 1G 3.4 0.2 ELF, 1G TRACE - 30MG
ELF, 5G 3.1 0.3 ELF, 5G 30MG - 300MG

1-4) (n=4)




COMPARISON OF THE EFFECTS ON GENE EXPRESSION BY EXTREMELY LOW
FREQUENCY ELECTROMAGNETIC FIELDS EXPOSURE IN NORMAL AND
TRANSFORMED HUMAN CELLS
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ABSTRACT

Many in vitro litcrature studics have reported that extremely low frequency (ELF)
elcctromagnetic field exposure may have varying cffccts on gene cxpression in different human
cell lines. To more precisely characterize the cffect of ELF exposure on gene expression in vitro,
we have investigatcd the use of lascr flow cytometry. Laser flow cytometric analysis has the
advantage that a large population of intact cclls can be acquired and analyzed easily and thé
relative quantities of a variety of cellular constitucnts can be measured simultancously with high
;Ecuracy and precision. HL-60, a human promyelogenous leukemia ccll line, Daudi, a human
lymphoma cell line with translocated c-myc oncogene and GM1500B, a human lymphoma cell
line with iniact c~myc oncogc;w were employed in this study. The cclls were exposed for 30
min. and 60 min. to cithcr 60 Hz continuous waveform at 1 gauss or pulsed clectromagnctic
fields (PEMF) gencrated by a Biostcogen Model CU-204 generator (Electro-Biology, Inc.).
Immediately post-cxposure, the cclls were fixed in 50% icc~-cold cthanol and processed for flow
cytometry using acridinc orange as the fluorochrome. Total RNA fluorescence increasced in
Daudi lymphoma cclls that were exposed to ELF while exposurc to ELF exhibited cither no
appreciable cffects on RNA fluorescence or decrcased RNA flouurescence with exposure in HL-
60, GM 15008 or stimulated peripheral human lymphocytes.
INTRODUCTION

Extremely low frequency clectromagnetic ficld exposure can have different effects on
gene transcription jn vitro in human cells (1-3). Work published previously by the authors
showed differential cffects of ELF ficlds on c~myc oncogene cxpression in 1L-60, a
promyclogenous leukemia cell line and Daudi, a Burkitt lymphoma cell line (). To analyze with

more precision, the transcriptional cffects of ELF ficld exposure in vitro, we investigated the




application of lascr flow cytomctry. Flow cytomctric analysis has the advantage that a large
population of intact cclls can be acquired and analyzed casily and the relative quantitics of a
variety of ccllular constituents can be simultancously measurcd with high precision and accuracy.
Therefore, we investigated the cffect of ELF ficlds on ccllular transcription by flow cytometry
on intact HL-60 and Daudi cclls. The cell line GM 1500B, a human lymphoblastoid cell line
similar to Daudi except it contains the intact c-myc oncogenc was also assesscd as well as
sttimulated peripheral human lymphocytes.
MATERIALS AND METHODS
1. CELL CULTURES

HL~60, a human promyelygenous lcukemia cell line, Daudi, a human lymphoma celi line
with translocated c-myc and GM 1500B another human lymphoma cell line containing intact ¢~
myc oncogene were routincly cultured in RPMI-1640 medium supplcnicnicd with 20% fctal
bovine scrum. Normal peripheral human lymphoctes were routincly cultured in chromosome
medium containing 2.5 ug/ml Phytohemagglutinin (PHA).
2. EXPOSURE PROTOCOL

Approximatcly 5 X 10° cells in suspension werce placed in Corning T75 tissuc culture
flask containing 10 mi fresh medium onc hour prior to exposure. After preincubation, the cells
were exposed for 30 min. and 60 min. in a 5% CO, incubator at 37°C to both 6011z magnetic
ficlds at 1 gauss and pulscd clectroamgnetic ficlds (PEMF) generated by a Biostcogen Model
CU-204 gencrator (Elcctro-Biology, Inc.). Immediately post exposure, the cells were fixed in
50% icc-cold cthanol.
3. FLOW CYTOMETRY

The fixed cells were washed twice in PBS + 10% human scrum. 0.2 ml of the cell




suspension was subsequently permcabilized with 0.4 ml of icc-cold solution containing 0.1%
triton x-100, 0.05SN HCIl and 0.15N NaCl. The suspensions were mixed gently and 1.2 ml of
acridine orange (6 ug/ml) in phosphate-citratc buffer were added to the suspension. After 5
minutes incubation at room temperature, the stained cells were filtered through a 37 micron mesh
and analyzed for RNA fluorescence using a Beckton-Dickinson FACScan flow cytometer. For
cach histogram, 10,000 cclls were acquired and analyzed.
4. NORTHERN ANALYSIS
- Post-exposure, total RNA was immecdiately extracted with guanidinium isothiocyanate and
and the RNA was pellcted through a CsCl stcp gradicnt ultracentrifugation. The purified total
RNA was then run in a dcn.aturing formaldchydc agarosc gel and transferred to polymer
membrane. Nick-translated human c-myc exon 3 probe and a beta-actin probe were used to
hybridize against the Northcm blots. Washing was carricd out under stringent conditions and
autoradiography was carried out at —70°C for 2-3 days.
RESULTS
Daudi, the human lymphoma cell line with translocated c-myc oncogene exhibited
increased RNA fluorcscence when cxposcd to both 60 Hz magnetic ficlds at 1 gauss and 15 Hz
pulse train (Fig. 1). PEMF induccd larger shifts of RNA fluorescence than 60 Hz ficlds. 11L-60
(Fig. 2), peripheral human lymphocyte (Fig. 3) and GM 15008 (Fig. +), a human lymphoblastoid
cell linc with intact c-myc oncogenc exhibited variable decrease or no response to ELF ficlds.
Northern analysis of Daudi (Table 1), HL-60 (Table 2) and GM 15008 (Table 3) with
c-myc probe exhibited the same trend as flow cytometry. Daudi with translocated c~myc showed
slight activation of c-myc oncogene expression when exposed to 60 1z ELF ficld at 1 gauss.

GM 1500B, with intact c-mye oncogene, and HL-60 exhibited cither no change or a decrecase




in c-myc oncogence cxpression.
DISCUSSION

The metachromatic fluorochrome acridine orange (AO) can diffcrentially stain DNA and
RNA (5). The usc of this fluorochrome in flow cytomectric analysis cnabled us to accurately
observe the cellular RNA content. Since ccllular RNA content is closcly associated with cell
prolifcration (6), flow cytometry allows us to accuratcly assess the oftcn weak effect of ELF
fields on cellular proliferation in Daudi, GM 1500B, HL-60 and stimulated peripheral human
lyinphocytcs. By overlaying RNA histograms of exposcd and control cell populations in different
colors, any change in RNA fluorescence can be casily visualized between exposed and control
cell populations.

Flow cytometry with AO rcvealed that Daudi responded to ELF cxposurc by increasing
RNA fluorescence, whereas, HL-60 and human periphcral lymphocytes exhibited no change or
decreased fluorescence. This led us to hypothesize that the differential responscs shown by Daudi
and HL-60 to ELF cxposurc may be duc to Daudi expressing the translocated c~myc oncogene
(7) and HL-G0 expressing the intact c-myc oncogenc. In Burkitt's lymphoma, the c-myc
oncogenc located on the long arm of chromosome 8 is translocated to a region upstrecam of an
immunoglobulin constant rcgion gene. In the new translocated location, the c-myc oncogenc is
actively transcribed and may have cscaped its normal control mechanism (8). Thus, translocation
may lcad to the dercgulation of the c-myc oncogene in Daudi. It is possible that ELF ficlds may
have an cffect on the dercgulated c-myc oncogene in Daudi but under normal regulation, may
not have an cffect on the intact c-myc oncogenc.

To test this hypothesis, we measured total RNA fluorescence and performed Northern

analysis on a human lymphoblastoid cell line, GM 15008 which contain the intact c-myc
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Fig. 3. RNA histograms of human lymphocyies
exposed to PEMF for 30 min.

Fig. 4. RNA histograms of GM 15001 cells
exposed to PEMF for 30 min.
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Effects of Continuous and Pulsed
2450-MHz Radiation on Spontaneous
Lymphoblastoid Transformation of
Human Lymphocytes In Vitro

Ewa M. Czerska, Edward C. Elson, Christopher C. Davis, Mays L. Swicord,
and Przemyslaw Czerski

Center for Devices and Radiological Health, Food and Drug Administration, Rockville
(EM.C., M.L.S., P.C.) and Electrical Engineering Department, University of Maryland,
College Park (C.C.D.), Maryland, and Department of Microwave Research, Walter Reed
Army Institute of Research, Washington, D.C. (E.C.E.)

Normal human lymphocytes were isolated from the peripheral blood of healthy donors.
One-ml samples containing (10°) cells in chromosome medium 1A were exposed for 5 days
to conventional heating or to continuous wave (CW) or pulsed wave (PW) 2450-MHz
radiation at non-heating (37°C) and various heating levels (temperature increases of 0.5,
1.0, 1.5, and 2 °C). The pulsed exposures involved 1-ps pulses at pulse repetition fre-
quencies from 100 to 1,000 pulses per second at the same average SAR levels as the CW
exposures. Actual average SARs ranged to 12.3 W/kg. Following termination of the incu-
bation period, spontaneous lymphoblastoid transformation was determined with an image
analysis system. The results were compared among each of the experimental conditions and
with sham-exposed cultures. At non-heating levels, CW exposure did not affect transfor-
mation. At heating levels both conventional and CW heating enhanced transformation to the
same extent and correlate with the increases in incubation temperature. PW exposure
enhanced transformation at non-heating levels. This finding is significant (P < .002). At
heating levels PW exposure enhanced transformation to a greater extent than did conven-
tional or CW heating. This finding is significant at the .02 Jevel. We conclude that PW
2450-MHz radiation acts differently on the process of lymphoblastoid transformation in
vitro compared with CW 2450-MHz radiation at the same average SARs.

© 1992 Wiley-Liss, Inc.

Key words: 2450-MHz microwaves, pulsed and continuous waves, thermal effects

INTRODUCTION

Stodolnik-Baranska [1967] reported that 15-min or 4-h exposures to 2,990-
MHz pulsed microwaves repeated daily over 3 or 5 days enhanced spontaneous
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transformation of human lymphocytes in vitro. Enhancement of transformation was
also observed in phytohemagglutinin (PHA) stimulated lymphocytes exposed during
the last 6 hours of a 72-h incubation period [Stodolnik-Baranaska, 1974). Roberts et
al. [1983] exposed PHA-stimulated or nonstimulated human lymphocytes for 2 h to
2450-MHz continuous waves and subsequently examined lymphoblastoid transfor-
mation following incubation for 3 days (72 h). They did not find differences between
exposed and sham-exposed cultures. These authors concluded that their results indi-
cated that microwave exposed human lymphocytes may respond normally to a second
biological factor, such as antigens or infections, and thus did not confirm Stodolnik-
Baranska’s [1967, 1974] findings.

This study makes an attempt to resolve the discrepancy between these findings.
There are many plausible explanations: differences in exposure levels, timing of
exposures, or frequency may be responsible. Another important difference was that
Stodolnik-Baranska [1967, 1974] used pulse-modulated microwaves, whereas Rob-
erts et al. [1983] used continuous-wave exposures. This last difference seemed to be
a singular one, as in at least two other instances [Czerski et al., 1974; Kues et al.,
1985] enhancement of biological effects was reported following exposures at the
same frequency and same average dose rate, the only difference being modulation:
pulsed vs. continuous waves, whereas in a third study in which microwave-induced
temperature elevation was prevented [Stewart-DeHaan et al., 1983] pulsed micro-
waves induced effects comparable to those induced by large conventional temperature
elevation.

Czerski et al. [1974] found that CW or pulsed, 2,950-MHz (1-ps., 120-pps, 2-h
daily) exposure of rabbits induced changes in iron transport and turnover rates as well
as iron incorporation into erythrocytes. PW exposure for a total of only 74 h induced
changes comparable to those induced by an exposure to CW 2950 MHz at the same
average power as the PW exposure but continued for more than twice the duration
(158 h). Kues et al. [1985] examined ocular effects in Cynomolgus monkey of
2450-MHz microwaves, either pulsed or continuous wave. Pulsed microwaves at an
average power density of 10 mW/cm” (SAR = 2.6 W/kg) produced the same effects
as CW exposure at 20-30 mW/cm? (SAR = 5.3-7.8 W/kg). Stewart-DeHaan et al.
[1983] examined rat lenses exposed to 915-MHz pulsed microwaves and compared
the effects to the thermal injury obtained by conventional heating. They found
changes in lenses exposed to microwaves at 37°C, i.e., at the level at which no
thermal injury occurs. In lenses exposed at 39°C the extent of changes observed in the
lenses was equivalent to that induced by conventivuai heating to 47° or 50°C.

These observations indicate that pulse modulation enhances effects on biolog-
ical structure and function beyond what is observed with CW microwave exposure or
conventional heating. In the present study spontaneous lymphocyte transformation
obtained by pulsed or CW microwaves and conventional heating has been compared,
and its dependence on the exposure conditions investigated.

MATERIALS AND METHODS

The exposure system and dosimetry have been described in detail elsewhere
[Joyner et al., 1989]. The exposure system consisted of a shorted section of single-
mode S-band waveguide (WR430, internal dimensions 109.22 mm X 54.61 mm), in
which the samples were placed, fed from a modulatable microwave source. A second
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Fig. 1. Schematic diagram of essential components of microwave exposure system.

unexcited waveguide, identical to the first, served to house samples used as controls.
At all times controls were studied simultaneously with exposed samples. Exposure
parameters such as input microwave power and sample temperature were recorded for
automated, on-line dosimetry.

The waveguides were placed in a conventional CO, tissue culture incubator
(Forma Scientific). One waveguide was used for sham exposure, the other one was
connected to the microwave power source. A schematic diagram of the exposure
system with its monitoring elements is given in Figure 1. Control and monitoring of
exposure powers and waveforms perform only an auxiliary function, however, as the
conditions of exposure are characterized by dosimetry based on measurements of
temperature and of SAR within the sample.

Pulsed exposures involved 1-ps-duration square-envelope bursts of microwaves
at 100-1,000 pulses per second. The pulse length was chosen as it was the shortest
we could conveniently generatc; the pulse repetition frequency was selected to pro-
vide easy adjustment of the SAR over the range required. We plan in a future study
to explore further the relationship between lymphoblastoid transformation and the
pulse characteristics in a PW exposure.

The dosimetric part of the system consists of two minimally perturbing tem-
perature probes, connccted to a Hewlett-Packard Model-59306A relay activator,
which is itself connected to a Keithley Model- 192 digital voltmeter (DVM). Both the
relay activator and the DVM are under the control of a Hewlett-Packard Model 86
desk-top computer through the HPIB (IEEE-488) bus. Initially a Narda Model-8011B
non-perturbing double temperature probe was used; later, two Vitck Model-101
probes were substituted for the Narda probe.

The temperatures of exposed and sham-cxposed samples were recorded sequen-
tially, under computer control, with a minimum interval of 1 s, and stored. The
temperature was recorded before the beginning of, during, and after the exposure.
The “*on’” and *‘off’" times of exposure were recorded on the computer by the
operator using a ‘‘soft-key’’ interrupt capability. Because the temperature of the
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Fig. 2. Schematic diagram of arrangement for sample temperature monitoring and dosimetry.

sham-exposed sample was essentially constant, in view of the stability of the tem-
perature in the incubator, it was monitored less frequently than the temperature of the
exposed samples. At the conclusion of a run the 77(¢), i.e., temperature (T) versus time
(1) behavior was analyzed to determine the SAR. This measure was computed auto-
matically from analysis of the heating-cooling curves, via software developed in-
house for this purpose. The oscillations of the temperature over 24 h did not exceed
+ 0.2 °C. For conventional thermal exposures, the temperature could be elevated by
increasing the temperature of the incubator, maintaining control samples in another
CO, incubator.

A four-chamber slide (Lab-Tek, Miles Laboratories, Model No 4804) served as
a sample holder. This small sample holder occupies only 16% of the cross-sectional
area of the waveguide, and in theory should provide SAR uniformity of * 12.5%.
Before any actual cell exposures were made, careful measurements of the SAR in
cach of the four sampie holder wells were made. These measurements demonstrated
that the differences in energy deposition between particular chambers remained
within = 10%. Three of the chambers contained cells and media; the fourth (end
chamber) contained medium only. A hole was drilled in the cover of this chamber and
the temperature probe was introduced. Therefore, each exposure series was carried
out in triplicate on simultaneously exposed samples with simultaneous continuous
dosimetry. Observations at a given SAR with CW or PW exposure involved several
such exposure series, the actual number varied depending on the reproducibility of the
measurcd SARs.

Figure 2 is a block diagram of the dosimetric system and Figure 3 shows a
waveguide with the sample holder inserted. Note that the sample holder is symmet-
rically placed in the center of the waveguide and is oricnted so that the electric field
of the TE,, mode in the waveguide is paralle! to the fong dimension of the sample
holder wells.
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Lymphocyte Cultures

Approval for the use of human blood was obtained from the Human Subjects
Research Review Board (HSRRB), Office of the Surgeon General, Department of the
Army. Volunteers were informed about the nature of the study, potential risks, and
the potential benefit derived from the study, and they signed the informed consent
form as approved by the HSRRB.

Twenty ml of blood was withdrawn by venipuncture under aseptic conditions
into two heparinized (143 USP units) sterile evacuated blood collection tubes (Va-
cutainer No. 6480, Becton and Dickinson). The blood was transported to the labo-
ratory at room temperature. Within 1 hour after withdrawal, mononuclear cells (lym-
phocytes and monocytes) were separated under sterile conditions from the whole
blood by gradient centrifugation in Lymphocyte Separation Medium (Boechringer,
Mannheim, Germany) according to the manufacturer’s instructions. After this pro-
cedure there were no detectable red blood cells present. Following separation the cell
suspension was washed twice in RPMI 1640 ccll-culture medium (Gibco). An aliquot
was withdrawn for the determination of the cell concentration, cell viability, and
cytological (cytocentrifuge) preparations; the remainder was used for establishing
cultures.

The cells were counted in a bright-line hemocytometer (Neubaucr type, Spen-
cer). Viability was tested by the trypan-blue exclusion test, neutral red stain for the
vacuome, and Janus green stain for mitochondria. Cytocentrifuge (Cytospin2, Shan-
don) preparations were made. air dried. fixed in methanol, stained by a combined
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Wright-Giemsa stain, and cell morphology was analyzed under a microscope. Four-
chamber culture-chamber slides were filled under sterile conditions with 1 ml of
chromosome medium 1A (Gibco) without PHA. One million cells each were added
to three of the chambers, the fourth held medium only. Following incubation the
cultures were mixed within the culture chamber using a Pasteur pipette and trans-
ferred to microfuge tubes. The cell count was established, viability was tested, and
cytocentrifuge preparations were made.

There was no difference in viability between cells incubated in the exposure
system and cells from the same donor that were cultured in a conventional manner.
A triplicate control and exposure series on a given day would use lymphocytes
obtained from the same donor. However, during the course of the experiments blood
from several donors was used.

For chromosomal preparations the cultures were harvested after 72 h of incu-
bation with colcemide (Gibco) added 3 h before harvest. Cells were fixed, and placed
on microscope slides for staining and examination.

ANALYSIS AND EXPERIMENTAL DESIGN
Analysis of Lymphoblastoid Transformation

Lymphoblastoid transformation has been evaluated on the basis of morpholog-
ical features of cells [Ling and Kay, 1976] and by incorporation of tritiated thymidine
(Hume and Wiedeman, 1980; Knight, 1987]. The use of tritiated thymidine only
allows data to be obtained concerning the number of cells in the S phase and their
proliferative potential [Cleaver, 1967]. Morphological traits allow one to evaluate the
course of transformation over successive stages, thus it is not only as good a criterion
as thymidine incorporation, but provides a fuller scope for evaluation including subtle
changes. Therefore, morphological features were selected for the evaluation of lym-
phoblastoid transformation. The principal drawback of this approach is that the eval-
uation of cell morphology is very subjective. To eliminate this ard to allow quanti-
tation and statistical analysis, image analysis was used.

The transformation process involves gradual enlargement of the cell and of the
nucleus. At the same time the dense chromatin structure of the small lymphocyte
becomes less dense and the cell passes into the intermediate stage. Nucleoli become
recognizable within the nucleus among the skeins of chromatin. Finally, the lym-
phoblastoid form becomes a very large cell with a large nucleus containing several
distinct nucleoli. Lymphoblastoids divide into two daughter cells with morphological
features of small lymphocytes. The whole process is a cellular response to autigenic
or lectin stimulation, and shows dose dependence [Ling and Kay, 1976; Hume and
Wiedeman, 1980).

The morphological features of the cells were analysed in air-dried Wright-
Gicmsa stained cytocentrifuge preparations. The use of the cytocentrifuge ensured
that the cells were evenly spread, their morphology uniform, and comparable between
individual slides. A Zeiss Photomicroscope 111 cquipped with an 100 X oil immersion
objective and 10X ocular was used. An image analysis system (Optomax) was
mounted on the microscope. Three different observers were assigned coded prepa-
rations from cultures incubated at different PHA concentrations. The observers scored
the preparations blindly, measuring the total cell area, total nucleus arca, computing
the nucleo-cytoplasmic ratio, and assigning a symbol characterizing the morpholog-
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TABLE 1. Distribution of Cell Sizes in Cultures Incubated With
Different PHA Concentrations

PHA pg/ml
Area (a) um® 5.0 15 10.0

. a= 100 425+ 3.7 268 4.5 174 £ 25
100 < a =< 120 13.4 = 2.0 13.0 = 2.8 53 % 1.1
120 < a = 150 156 = 3.4 12.1 = 3.1 10.0 £ 2.1
150 < a < 200 19.0 = 2.6 243 +£238 22.6 = 3.0
a > 200 10.6 = 4.8 25+ 35 462 + 4.5

ical appearance of the cell (S-small, I-intermediate, B-blastic form). The results
obtained in the series described below were examined and compared using the Stat-
graph software of Statistical Graphics Corporation.

In a series of preliminary experiments PHA was added at a concentration of 5.0,
7.5, or 10.0 pg/ml, of PHA in medium ‘‘chromosome 1A' and the preparation
analysed as described above; 10 pg/ml is the optimum concentration determined by
the manufacturer for lymphocyte transformation. Based on this analysis, the total cell
area was selected as the most informative measure for the evaluation of transformation.
Other measurements did not provide additional information or were only partially
informative. Taking all the information into account some arbitrary decisions were to
be made. Lymphocytes with a total area below 100 um” were assigned to the category
of small lymphocytes, cells of the area greater than 100 and smaller or equal to 200
were considered intermediate forms and subdivided further into three subclasses (see
Table 1). Cells with a total area greater than 200 wm were assigned to the category
of lymphoblastoids. Table 1 presents the results of this series of experiments.

Statistical analysis was carried out as recommended by Knight [1987; see also
Ling and Kay, 1976; Hume and Wiedeman, 1980]. Results were analyzed using
Statgraph software. Analysis of Variance (ANOVA) was used to compare the number
of cells in particular classes. Distributions were compared using multiple regression
methods. Results were judged significant at the P < .05 level.

Table 1 demonstrates a statistically significant (P < .02) decrease in the num-
bers of cells with an area below 100 wm? with increasing PHA concentration. No
differences were seen between the numbers of cells with an area between 100 and 200
pum?, except for the cells with an area between 100 and 120 pm?, following incu-
bation with 10 pg/ml PHA. The number of such cells under these conditions de-
creases by a factor of 2.

Cells with an area above 200 wm” increased with increasing PHA concentra-
tion, presenting a ‘*mirror image’’ of the effect on the number of small lymphocytes.
In brief, the shifts in the numbers of lymphoblastoid cells occurred at the expense of
small lymphocytes. These results validate the morphological approach selected for
the evaluation of lymphoblastoid transformation. It should be noted that Michaelson
ct al. {1982} came to the same conclusion, and maintained that tritiated thymidine
incorporation and analysis of ccll morphology may be used alternatively for quanti-
tation of lymphoblastoid transformation.

Experimental Design

Eiach experiment involved three chamber slides: one exposed, a second one
sham-cxposed, and a third one incubated in a separate incubator at 37°C. Thus in
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each experiment, there was one experimental sample and two control ones. Each
sample holder (chamber slide) had three chambers containing 1 ml medium with 10°
cells suspended in each and one chamber containing medium only. This chamber
served for the introduction of the temperature probe. With this design each basic
condition, experimental or control, was performed in triplicate. At a particular CW or
PW exposure level, several experiments were performed, at least two, to check for
consistency in the results of morphological examination. Results were pooled fol-
lowing analysis. In each instance cells were harvested for cytocentrifuge preparations
following a 5-day period of incubation. Using the above protocol, we carried out the
experiments in three series:

Series 1. Cultures exposed to CW 2450 MHz at non-Leating and heating levels
of exposure. The nonheating level corresponded to an average SAR of about 1 W/kg,
ranging from 0.8 to 1.3 W/kg when the variations between experiments or between
individual chambers were taken into account. The heating levels resulted in an in-
crease in the temperature of the sample by about 0.5°C (average SAR 1.8-2.3 W/kg),
by about 1°C (SAR 3.5-4.5 W/kg), by about 1.5°C (SAR 6.8-8.3 W/kg), and by
about 2°C (SAR 9.8-12.3 W/kg). The temperature of the sample varied over the
incubation period by * 0.2°C. In a few instances the variations reached + 0.5°C.

Series 2. Samples exposed to PW 2450 MHz at non-heating levels and heating
levels that resulted in the same temperature increases, and consequently in the same
average SARs, as in series 1. The pulse width was 1 pus. The pulse repetition rate
varied from 100 to 1,000 pps as the exposure conditions changed from the non-
heating to heating levels. At the maximum average SAR, at 1,000 pps, the peak SAR
was from 9.8 to 12.3 kW/kg, which corresponds to a deposited energy of 9.8-12.3
mJ/kg per pulse. This quantity of energy was sufficient to raise the sample temper-
ature by only 2.3-3.2 x 107°°C after a single 1-ps pulse. The thermalization time
constant of the samples, which can be calculated from their size and thermal diffu-
sivity, was ~0.5 s. Consequently, there was no significant impulsive heating of the
samples. However, in view of the rate of temperature change during each pulse,
which is 2.3-3.2 X 107°°C, there remains a possibility of the generation of an
acoustic disturbance in the samples. This would be a manifestation of the photoa-
coustic effect in which the absorbed radiation is in the microwave region. These
phenomena have been known since the last century [Rosencwaig, 1980] and were
first reported in the microwave region in 1963 [White, 1963]. However, the expected
acoustic disturbances are very weak and it remains problematical to explain the
phenomena we observed in terms of their effect.

Series 3. Samples heated by conventional means to obtain temperature in-
creases as in series 1. Samples incubated in a separate incubator at 37°C served as
controls.

It is worth pointing out that the maximum SAR variation from chamber to
chamber in the microwave exposures, * 12.5%, can account for only a 0.4°C
temperature difference between the inner and outer chambers of the four-chamber
sample holder at the highest SAR used.

RESULTS

No significant differences (P < .8) werc observed between sham-exposed and
control cultures. Conscquently, the results obtained from these cultures were pooled
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TABLE 2. Distribution of Cell Sizes in
Control and Sham-Exposed Cultures
Incubated for 120 h

Area(a) Number of cells
um? mean * s.d.
a= 100 53729
100 < a =120 30918
120 < a < 150 10.1 1.0
150 < a =200 2108
a > 200 1.2+09

and are presented in Table 2. In this and subsequent tables, the number of cells in each
classification based on cell area represents the number of cells per 100 counted cells
that belong to each classification. In these tables the number of cells of each classi-
fication in each group does not add up to exactly 100 because these numbers represent
a statistical analysis of numbers of triplicate exposures, plus there are always a few
cells that are difficult to classify. These results served as basic reference control data
for the evaluation of lymphoblastoid transformation. It should be noted that lympho-
cytes undergo spontaneous transformation at a very low level: 53.7 + 2.9 celis is the
mean number per 100 for small lymphocytes. The numbers of intermediate forms
decrease gradually with increasing cell area. Lymphoblastoids occurred in 1.2 = 0.9
per 100.

Table 3 presents the distribution of cell sizes in conventionally heated cultures.
No differences were observed between control and sham-exposed cultures (37°C) and
cultures elevated in temperature by a further 0.5°C (P < .3). At 38°C the number of
small lymphocytes decreased and the number of cells with areas between 100 and 150
pm? increased (P < .05), thus indicating an enhancement of the transformation
process. At 38.5°C intermediate forms with areas between 100-120 pm? decreased
and the number of cells with an area between 150 and 200 wm? increased (P < .001),
but no blastoid cells were found. This may be interpreted as an enhancement of
transformation or as an inhibition. The latter interpretation is less likely because of the
results obtained at 38°C. No signs of cell destruction were observed in this series;
however, it is well known that conventional heating above the levels that we used
would lead to cell destruction. At 39°C there was a significant increase (P < .002)
in the number of small lymphocytes, but not in the number of blastoid cells.

Table 4 presents the distribution of sizes in cultures exposed to CW 2450-MHz
microwaves at heating and non-heating levels. A significant decrease (P < .005) was
observed in intermediate forms with areas between 100 and 120 wm? at 38.5°C. This
decrease was accompanied by an increase (P < .02) in forms with an area between
120 and 150 pm? at 38°C, and a highly significant increase (P < .001), by a factor
of between 4 and 10, in forms with an area between 150 and 200 pm? at 38.5°C.
These shifts indicate enhancement of blastic transformation as expressed by shifts in
intermediate forms.

At 39°C the interpretation of preparations becomes unreliable, as partial cell
destruction occurs. Lymphocyte shadows may survive in a very capricious manner
and our previous expericnce indicates that viability tests have large margins of errors.
Therefore no analyses were carried out at 39°C. It is possible, but not certain, that at
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TABLE 3. Distribution of Cell Sizes in Control Cultures Incubated at 37, 37.5, 38, 38.5, and
39°C With Conventional Heating

Number of cells mean * s.d.

Incubation temperature
Area (a) pm? 37°C 37.5°C 38°C 38.5°C 39°C
a=< 100 552 = 3.8 54.8 2.2 39.6 £ 3.0 53.0%45 88.7 2.2
100 < a < 120 324+209 294 * 3.6 29.6 = 7.1 147%23 9.1 +1.9
120 < a < 150 8.8 +20 11.2 = 1.7 232+ 34 16.2 = 2.2 1.6+ 1.4
150 < a < 200 1.6 0.9 1.3+1.0 34%10 15.8 £ 2.0 03%05
a> 200 1.0 £ 0.9 24+ 1.7 44 %10 0 0.1 %03

TABLE 4. Distribution of Cell Sizes in Cultures Exposed to CW 2450 MHz Microwaves at
Nonheating (37°C) and Heating Levels

Number of cells mean + s.d.

Incubation temperature

Area (a) pm? 37°C 37.5°C 38°C 38.5°C 39°C

a=< 100 53.3 = 2.1 400+34 394+30 43.6=43  Partal cell
100<a=120 31.7x30 36.0=x19 300=x49 15.2 = 2.7 destruction
120 < a = 150 102 +2.4 12220 228=+28 17.6 = 1.7 measurements
150 < a =< 200 1.7 0.7 48+ 1.6 21209 26=28 unreliable

a > 200 1.0 £ 0.9 24 1.7 57*1.7 1.0 £ 0.9

this maximum SAR level, the ~0.4°C temperature elevation of the inner sample
chambers above the outer chambers could lead to partial cell destruction.

Comparison of Tables 3 and 4 demonstrates that there are no significant dif-
ferences (P > .05) between the results obtained by conventional and CW 2450-MHz
heating provided the temperature elevation is below 1.5°C, but at greater temperature
elevations transformation is enhanced and partial cell destruction occurs. There is a
slightly significant (P < .1) reduction in the number of small lymphocytes at 38.5°C
when conventional and CW microwave heating are compared. The lack of significant
differences reinforces the reliability of our dosimetry; if there were any significant
temperature differences between the four measurement chambers, this would show up
in the results. It is clear that temperature plays a significant role in changing the
cell-size distribution.

Table 5 presents the results obtained in cultures exposed to PW 2450 MHz at
heating and non-heating levels. There are no significant (P > .1) shifts in the numbers
of small lymphocytes and intermediate forms with an area between 100 and 150 wm?
in cultures at 37°C and those heated to 38°C. There is a gradual increase correlating
well with heating in the number of cells between 150, 200, and 250 wm?. The number
of lymphoblastoid cells increased by a factor of 2. It should be noted, however, that
at 37°C, the number of lymphoblastoid forms is significantly greater (P < .02 at
37°C, P < .002 at 37.5°C) than in cultures heated conventionally and by CW
microwaves. This finding seems to indicate a much higher efficiency of enhancement
of transformation by PW microwaves than by CW and/or conventional heating.

Partial cell destruction and lack of reliability in cell preparation evaluation occur
at a lower level of heating then is the case for CW or conventional heating. Such
effects become apparent at temperatures higher than 38°C and become pronounced at
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TABLE §. Distribution of Cell Sizes in Cultures Exposed to PW 2450 MHz Microwaves at
Nonheating (37°C) and Heating Levels

Number of cells mean * s.d.

Incubation temperature

Area (a) pm? 37°C 37.5°C 38°C 38.5°C 39°C

a =100 597+39 46=x38 46847 Partial cell

100 < a =< 120 154 £ 1.8 20624 16.3 £ 2.C destruction Not
120 <a =< 150 13714 16.6 x 1.5 16.3 = 2.0 measurements performed
150 < a = 200 49 =18 3910 10.6 = 2.0 unreliable

a > 200 6.3 = 1.7 144 + 1.2 159 £ 3.7

38.5°C. In view of this. experiments at higher temperature levels were not per-
formed. This cannot be explained by small temperature uncertainties in the dosimetry
as the temperature elevations and their spatial distribution are identical between CW
and PW exposures.

There are only a few studies of the effects of heating on the immune responses
of human lymphocytes in vitro. They were conducted mainly by the Rochester Group
[Roberts, 1983; Roberts et al., 1983, 1984]. These investigations can be summarized
with the statement that the effects of heating on the response to lectins or antigens
consists of enhancement that starts to appear within the range of a temperature
increase of 0.2—-0.5°C. The results presented here are consistent with these findings
with the difference that effects become detectable and statistically significant in our
work when the increase in temperature of the medium exceeds 0.5-1.0°C. With
temperature increases above 1°C and PW modulation, cell destruction occurs and is
highly likely to interfere with cell function in vitro.

Studies on the effects of heating, be it conventional or be it by microwaves, are
comparable between the above sets of experiments within experimental limits. Stud-
ics on the effects of microwave exposure conducted by the Rochester Group and by
Cleary et al. [1990] can not be readily compared. The experiment conducted by the
Rochester Group consisted in exposure of human lymphocytes for 2 h before stim-
ulation with PHA, subsequent addition of PHA and evaluation of the preparations
cxtended by determination of thymidine incorporation. Thus the examined effect of
cxposure concerns the interaction of cells with electromagnetic fields during the GO
phase. Such an interaction would have to lead to long-term after effects to become
detectable during the S phase. The experiments of Cleary and coworkers were per-
formed at substantially higher SAR levels with simultaneous cooling of the prepara-
tions. With this protocol the after effects of cxposure during the GO phase were
observed. This may be related to the difference in the SARs used by Cleary and the
Rochester group.

The mechanisms involved in the reported phenomena are unknown and difficult
to interpret. The primary site of interaction may reside in the cell or nuclear mem-
brane, or even at the lcvel of genetic information. Thus only limited conclusions may
be drawn from this work. The mechanism by which pulsed exposures lead to different
biological effects is not certain. Pulsed exposures do not lead cither to macroscopic
or to microscopic heating that is significantly different trom CW exposure at the same
average power level. However, our pulsed exposures do produce much larger rates of
change of tempcerature, albeit for a very short time. Whether such rapid temperature
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changes lead to micro-acoustic shock effects, or whether the effects are caused
directly by the much larger field amplitudes in the pulsed exposures cannot be de-
termined from our observations.

CONCLUSIONS

1. CW 2450-MHz exposure at physiological temperatures (~37°C) at non-
heating levels does not affect spontaneous lymphoblastoid transformation.

2. Conventional and CW heating enhance lymphoblastoid transformation to the
same degree under small temperature elevations. However, CW microwave heating
leads to cell destruction at apparently smaller temperature elevations than is the case
for conventional heating, which might result from small temperature differences
between these two exposure modalities.

3. PW exposures that lead to the same increase in temperature and energy
absorption as CW exposure performed in a preceding series enhance lymphoblastoid
transformation to a significant extent.

4. The most notable finding is enhancement of lymphoblastoid transformation
at a nonheating level caused by PW exposure, whereas no such enhancement was
observed following CW exposure.

5. The above conclusions can be summarized in the statement that PW and CW
2,450-MHz exposures act differently in causing spontancous transformation of hu-
man lymphocytes in vitro.
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Abstract: Cell cultures of the human lymphoma cell
line, Daudi, were exposed to 2.5, 5, 7.5,0r 10 Gauss
extrenely low frequency magnetic tields. Transcription
of the genetic marker, c-myc, was determined in cultures
exposed for various time periods. Increases of c-myc
transcripts were detected in some exposed cell cultures,
ihe increase of the transcripts appeared to show
dependence both on the applied field and exposure
duration.

INTRODUCTION

Epideniological, animal, and in vitro studies
suggest linkage between exposure to 60 Hz sinusoidal
electroaagnetic fields (EMFs) and incidence of cancer
(see review in [4]). The main concern is exposure to
transmission power lines and to several electric
devices. The existing data are still controversial, as
they do not fully support the idea of extremely low
frequency (ELF) EMFs being a cancer promotor. The data
also do not exclude this possibility. In addition, no
mechanistic basis has beem established for ELF as a
cancer promoting agent; this Jleads to further
controversy,

Exposure to ELF EMPs is known to increase the
level of several gene transcripts, Reba Goodman and
covorkers {2,5] showed changes in gene transcription in
Drosophila salivary gland cells and i1n HL-60, a human
promyeliogenous leukemia cell line (beta-actin, histone
2B and c-myc). Jerry Phillips [3) reported increased
transcription of the genes encoding c-myc, c-fos, c-jun,
and protein kinase C 1in human cell lines. The
utilization of various exposure systems and the
characteristics of applied fields, as
differences among biological wodels, lead to praoblems 1n
comparing results. However, the above papers report
wncreased gene transcription following exposure to ELF
ENMFs.

We focused our research on transcription of the
c-myc oncogene. We have examined transcription in two
transformed human cell linmes (Daudi lymphoma and HL-t0)
and in norsal hunan peripheral lymphocytes.
Transcription was examined by Northern blot
hybridization analysis. Exposure for 30, 45, 60, or {50
min, to 60 Hz continous waves at 1 pauss resulted in
1ncreased expression of c-myc oncogene expression in
Daudi cells. No appreciable changes were noticed in c-
myc expression in HL-60 and peripheral human
lymphocytes. The @presence of a chromosomal
transiocation involving the c-myc locus in the Daudi
cells {6] dbe an explanation for the increased c-myc
transcription in this cell line.

We have expanded our experiments on Daudi cells
by introducing different exposure parameters. In the
present cxperiments, cells were exposed to 2.5, 5, 7.5.
or 10 rauss, 60Hz sinusoidal EMFs, Positive results
were obtained.

MATERIALS AND METHODS

Human cancer cell lines were obtained from the
American Type Cuiture Collection, Rockville, MD 20352,
and cultured 1n RPMI-1640 medium with 20% fetal bovine
seroa,  Cells were grown 1in an CQ, incubator, 5% CO, to
3 density of 5x10%/ml, and resuspended at the same cell
density in tfresh medium | hour prior to ELF exposure.
Cell suspensiuns were placed in Y0 ml aliquots 1n
corning 75 tissue culture tlasks and exposed for 15,
10, or 40 min. to 2.5, 5, 7.5, or 10 gauss (G) 60 Hz
sinusordal EMF 1n the ancubator, 5% co,, at 37* C, Each
exposure tlask was accompanied by an ulentical control
tlask that was placed i1n the ¥ metal box 111 the s.ne
tucubator.  Atter exposure, total RNA was inmediately
rxtracted wvath ruanidinium asothiocyanate and the RNA
pelleted by CsCl step pradient ultracentrifugation, The
purified total RNA samples were then run an a denaturing
tornaldehyde aparose pels and transfeived to polymer

well as-
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membranes (Northern blot separation technique),
Phosphorus-32-labelled DNA c-myc and beta-actin probes
were used to hybridize against the Northern blots. The
commercially available c-mve probe 1Oncor. Inc.) showed
specaficaity with RNA 1n our laboratorv, However,
commercial beta-actin (Oncor. Inc.) was not adequately
specific, so we used a probe prepared at the Medical
College of Virginia, Richmond. The RNA samples from
both exposed and control cells were probed at the same
time. Autoradiography was carried out at -70* C for 2-3
davs. A laser scanning densitometer wvas used to
quantitate the intensity of hybridization of the two
probes. The ratio of densitometer values, exposed
control, was determined. Data are presented as that
ratio. Values were normalized to densitometer values of
beta-actin.

RESULTS

Analysis of Northern blots showed increased
expression of c-myc oncorene following 60 min. exposures
to ELF. The increase 1s apparently dose dependent, with
the exposed : control ratios varying from 1.62 at 2.5
G and 1.75 at 7.5 G, to 2.67 at 10 G exposures.
Consistent patterns of reactions were not observea after
exposures at other applied tields and for other exposure
durataons. The results are presented in Table 1.

Table 1. Laser densitometric quantitation of c-mve
expression norralized to beta-actin to compensate for

difference in sample loading. Ratio exposed : control.
Exposure Applied Fields, G
Time {min)
2.0 7.5 10
15 1.1n 0.90 1.29
30 1.3% 1.01 1.42
00 1.b2 1.75 2.68

Long exposure durations, 1.e., 3. 6, or 12
hours, did not show anv differences between exposed and
control samples. This was an expected result, inasnuch
as the szene transcrapts are short-lived.

DISCUSSION

Previously published data on the exposure of
normal and transtformed human cell lines (1} showed
1ncreased c-myc expression fotlowing ! hour exposure to
60 Hz sinusoidal EMF 1n Daudi lvmphoma cells known to
carry a translocation in c-mve locus on the chromosoze.
No diffcrences 1n c-mve expression were absevved 1 the
HL-60 cells and 1n hv-an peniphcral lvophucvtes., [
expression of c-mvc appeared to depend on the dese and
on duration of the applied 11eld.  Althouph  Northern
blot analysis provided relative data about specific sene
products, quantification 1s ditficult. Some sources of
variation include variations 1 dosimetry veadings for
exposule O cultures, 1n autoradiographv, and 1n

densitometry, Other methods should be emploved to
measure specific levels of transcripts., 1n order to
reduce variabilaty and to provide a clear basis tor
mterpictation,
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ABSTRACT

Using flow cytometry with acridinc orange, the cffects of ELF exposurc on RNA
ﬂu;)rcscencc was assessed. Intact Daudi cells respond to ELF ficld cxposure by increasing total
cellular RNA fluorescence, but, their isolated nuclei did not. The Isolated nuclei of HL-60 cells
also did not respond to ELF exposure as well as the intact HL~G60 cells. The results obtained
are consistent with the hypothesis that cytoplasmic membranes may play a role in mediating the
transcriptional effect observed in Daudi cells when exposed to ELF ficlds.
INTRODUCTION

The cytoplasmic membrane has been proposed as the sitc of intcraction between
electromagnetic fields and bioldgical systems (1). To rigorously test this hypothesis, we exposed
intact human cells and their nuclei, stripped free of the cytoplasmic membranc, to 60 Hz 1 gauss
ficlds and examined the transcriptional effects which occur in the nucleus of the cell.
MATERIALS AND METHODS

Daudi, a human lymphoma cell linc harboring translocatcd c-myc oncogenc, and HL-60,
a human promyclogenous leukemia cell line containing normal c-myc proto—oncogene were uscd
for this experiment. Nuclei were preparcd according to a published procedurc (2) with
modifications. Cclls were washed twice with RSB buffer (10 mM Tris-HCl, Ph 7.4, 10 mM
NaCl, 3 mM MgCl,). Two ml of RSB + 0.9 NP40 + 2.75 mM DTT were mixed with cach ml
of cell suspension. The cells were then centrifuged bricfly at 1,000 rpm for 1 min. The cxcess
volume over 1 ml was discarded. 20 U of RNasin were then added and the mixture was
homogenized by onc or at most two strokes in a I ml homogenizer fitted with a B pestle. The
mixture was then pipetted up and down through a Rainin bluc pipct tip a few times. The nuclei

were collected by centrifugation and suspended in RPMI-1640 + 20% fctal bovine scrum (FBS).




S

One hour prior to cxposure, approximately, 1 X 10° Cells or nuclei were placed in 20 ml fresh
medium containing RPMI-1640 plus 20% FBS. Aftcr onc hour pre-incubation, intact cells or
nuclei were exposed to 60 Hz, 1 gauss for 1 heur in 5% CO, at 37°C. Immediately post-
exposure, S0% ice~-cold ethanol (v/v) was added to the cclls or nuclei for fixation. Cells or
nuclei were washed twice in PBS and 6.2 ml of the cell or nuclei suspension were then
permeabilized with 0.4 ml of ice—cold solution containing 0.1% triton X-100, 0.05 N HCI and
0.15 N NaCl. The suspensions were mixed gently and then 1.2 m! of acridine orange
(6 ug/ml) in phosphate citratc buffer were added to the suspension. After standing at room
temperature for 5 minutes, the stained ccells or nuclei were filtered through a 37 micron mesh and
analyzed for RNA content using lascr flow cytometry.

To confirm that nuclei are transcriptionally active and to asscss ELF cffects on specific
gene transcripts in intact cells and isolated nuclei, nuclear run—off assays were performed
by either exposure to intact cell for 60 min. and then isolate the nuclei and running the assay or
by first isolating the nuclei, cxposc to ELF for 60 min. and then proceed to run the nuclear run-
off assay. The labeled transcripts gencrated were hybridized against dot blots of various cloned
DNA probes. Post hybridization and washing, the blots are autoradiographed for 14 days at -
70°C. The labeled transcpits were also clectrophoresed in a 8 to 25% denaturing, polyacrylanide
gel to ascertain the size range of transcripts gencrated by intact cells and isolated nuclei.
RESULTS

Daudi lymphoma cells responded to ELF cxposurc by cxhibiting increascd RNA
fluorescence (Fig. 1) but their nuclei did not (Fig. 2). No responsc was observed in HL-60 intact
cclls (Fig. 3) or their isolated nuclei (Fig. 1) when exposed to ELF. This data is consistent and

supportive of the hypothesis that eytoplasmic membranc plays a role in mediating ELF intcraction




with the living ccll. To further characterize the cffect of ELF exposure on specific gene
transcription with or without cytoplasmic membrane, we carricd out nuclear run-off assays in
intact cells and thcir corresponding nuclei using a new cell line, R3, which cxhibit robust effect
with ELF cxposure. Exposure of that cell line to ELF exhibited an increased in the expression
of thrce oncogenes — c-Ha-ras, N-ras and c~sis by 18.0,15.2 and 8.8 folds respectively (Table
1). Exposure of isolated nuclei of R3 cell line exhibited no cffect on those thrce oncogene.
Exposure of a non-responsive ccll line, R4, exhibited no effcct on those thrce oncogene
transcripts (Table 2). Thus, this cxperiment further supports the hypothesis that cytoplasmic
membranes play a role in mediating ELF intcractions with that responsive ccll.
DISCUSSIONS

It is intcresting to note that we observed ELF ficlds activate three oncogene transcripts
which are all associated with the cytoplasmic membrane and mediate signal transduction across
the ccll membranc. C-Ha~ras and N-ras code for G-protcins which arc involved in signal
transduction through the cytoplasmic membranc. C-sis oncogene codes for the beta chain of
platelet derived growth factor. Thus, it is tempting to hypothesize that ELF exposure may induce
a positive feedback loop to causc signal transduction pathways to amplify the ELF signal across
the cytoplasmic membrane in an ELF responsive cell. This hypothesis may also account for the
ELF responsive cell's ability to distinguish and amplify ELF signals with energy levels below kT,
REFERENCES
1. Adcy, W.R. (1988) Cecll membrancs: the clectromagnetic environment and cancer
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ABSTRACT

A model eukaryotic cell line with a marker gene under the control of a tentative ELF
responsive DNA element was constructed in order to facilitate the investigations of various
exposure parameters, e.g. dose-response, and frequency-response, that may be important in
global characterization of the biological effects of ELF electromagnetic field interactions with
living systems in vitro. Experiments using this model cell linc which changes morphology as a
result of exposure to ELF fields have yielded useful information on possible mechanisms of ELF
interaction with living systems.
INTRODUCTION

A model eukaryotic ccli line with a marker gene under the control of a tentative ELF
responsive DNA element was constructed to facilitatc the investigations of various exposure
parameters such as dose-rcsponsc and frequency-response which may be important in
characterization and contribute to the understanding of the biological effects of ELF

electromagnetic ficld interactions with living systems in vitro.

MATERIALS AND METHODS

The ELF responsive model cell line was constructed via transfection of primary adult rat
Schwann cell isolated from sciatic nerve sheath and transfected with a plasmid containing SV-40
T antigen under the control of a metal regulatory clement. An immortalized cell tine was isolated.
This cell line which is driven by the SV-40 T antigen oncogene expressed a round phenotype

which is distinct from normal Schwann cell bipolar morphology with processcs.

RESULTS




When this cell line is cxposcd to ELF in vitro, after 48 hours, the phenotype changes from
the round cell shape (Fig. 1) with maximum cell density to bipolar morphology with the
appearance of processes (fig. 2) and significant decrease in cell density. This response is observed
when this cell line is exposed to 60 Hz at 1 gauss, a 15 Hz pulse trains and also a 10 Hz bipolar
pulse trains (Table 2). The onsct of morphologic responsc is dose—dependent. With increasing
field strength at 60 Hz, the onset of morphologic change decreased from 6 days at 0.8 gauss to
1 day at 10 gauss (Table 1). Below 0.8 gauss, no morphologic response was observed after 12
days. When this ELF responsive ccll line was plated in circular tissuc culture dishes and exposed
to ELF, there is a gradicnt of morphologic changes from center to the periphery of the dish.
There is no change at the ccnter of the dish and maximal change at the periphery (Fig. 3)
correlating with gradicent of induccd clectric field. When the exposure system is changed so there
is uniform magnetic ficld as well as induced elcctric ficld, the pattern of morphologic change

becomes randomly distributed throughout the flask (Fig. 4).

DISCUSSION

The geomagnetic ficld has been shown to be nccessary for the fundamental biological
activity of axonal enshcathment and myclination by the Schwann cell (1). Bioclectric perturbation
of tissuc has bcen shown to alter phenotypic expression of chondroblasts by promotion of
alkalinc phosphatasc activity and altcration of the structurc of protcoglycans in specific
cartilaginous tissucs (2). With that in mind, we asscssed whether ELF magnetic ficld could
induce morphologic change in a Schwann ccll linc that can be reliably observed. The
morphologic change observed was dramatic and reproducible. The ccll line was given the name

ELF Responder 1 (ELFR1). The response was observed with several wave forms and the onsct



of morphologic change varied systematically with ELF ficld strength. Obscrvation of the
morphologic changes induced by ELF cxposure suggest that the field cffect is likely to be
mediated through the induced clectric ficld with an apparent threshold between 0.75 and 0.8

gauss at 60 Hz.
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ABSTRACT

Intracellular calcium signalling was monitored in Jurkat E6-1 cells following or
during exposure to a 1 mV/cm, 60 Hz electric fleld induced by a 238 Gauss 60
Hz magnetic field from a large solenoid. Cells were exposed in protein-containing
culture medium in the outer annular ring of a Falcon 3037 organ tissue culture
dish. Fluo-3-loaded cells were stimulated with anti-CD3 monoclonal antibody
at desired time points, and increases in fluorescence were monitored with a flow-
cytometer. Cells were exposed at room temperature and at 37'C. In all cases,
neither the calcium signal nor concomitant cell function from field-exposed cells

differed significantly from controls.

INTRODUCTION

Several laboratories have reported alterations in the association of *Ca®** with
cultured tumor cells, normal lymphocytes, tissue preparations, or in vivo intact
cat brains during or following exposure to different extremely low frequency (ELF)
electromagnetic flelds (for review see Lyle, 1991). This has suggested the
possibility that ELF fields might alter transmembrane calcium signalling.
Calcium signalling is a key pathway involved in the activation, differentiation, and
proliferation of many cell types (Berridge and Irvine, 1989). Furthermore, it is
assoclated with aspects of tumor promotion (Whitfield, 1990). Changes in **Ca?
assoclation, however, could be duc to differences in binding at the cell surface
and/or movement into the cell's interior. Jurkat is a human helper T-lymphocyte

ccll line that has been extensively used for studying calcium signalling pathways
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(Weiss et al., 1984). We monitored an intracellular calcium signal stimulated by
a monoclonal antibody against CD3, in Jurkat E6-1 following and during ELF
field exposure. The cells were exposed to an induced 1 mV/cm, 60 Hz electric field
in a solenoidal exposure regime that has been reported to alter *°Ca** association

with mitogen-stimulated rat thymocytes (Walleczek and Liburdy, 1990).

MATERIALS AND METHODS

The Jurkat clone E6-1 was grown in RPMI 1640 medium containing 10% FCS,
2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin ("complete
medium"). For experiments conducted in air, 10 mM HEPES was added to the
complete medium to control pH. For monitoring of intracellular calcium, cells
were loaded with 1 uM fluo-3 (Molecular Probes) via a 30-min incubation in the
dark with the acetoxy-methyl ester. Cells were then washed three times in
HEPES-buffered complete medium, and resuspended at 1-2 x 10°/ml in HEPES-
buffered complete medium, and placed 4 ml/dish into two annular-ring petri
dishes (Falcon 3037 organ tissue culture dishes). The dishes were placed onto
supports sitting in water priorly stabilized at the desired temperature, in a central
reservoir within a water-jacketed closed container. ater at the appropriate
temperature was constantly pumped from a circulating water bath through the
walls of the Incubation chambers. Temperatures were routinely checked before
and after all field and control exposures.

One water-jacketed incubator was situated within the bore of a water-

cooled solenoid, and the other at a distance of 9 feet from the solenoid. For a
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solenoid vertical fleld of 60 Hz, 238 Gauss, the vertical 60 Hz value at the control
site was 13.0 mG. Temperature variation between exposed and control dishes
was 0.1°C or less. The vertical DC component, parallel to the AC, was 380 mG in
the solenoid, and 480 mG at the control site. The solenoid (designed and built
by Dr. Robert Liburdy at Lawrence Berkeley Laboratory; N = 400, 2.3 ohms, 20.1
mH) was energized by a 60 Hz power frequency current. Heat generated by the
solenoid was effectively removed by its own water—jacketed, cooling housing (6
L/min). The 238, Gauss 60 Hz field used in these experiments induced an
average 1 mV/cm, 60 Hz electric field in the medium of the annular ring of the
organ tissue culture dishes. The associated current density was 16 pA/cm?, with
conductivity of the medium measured at 1.7 S/m.

Petri dishes were allowed to equilibrate in place on their respective water
bath holders for at least 30-min, with the temperature set to 24 or 37 C. Then,
using a 1-min stagger, fluo-3-loaded cells were placed into medium at the
desired temperature and immediately poured into control and exposure sites. For
30-min pre-exposure experiments, maintaining the 1-min stagger, the petri
dishes were removed, cells were quickly resuspended, placed to test tubes, and
stimulated with a murine monoclonal antibody against human CD3. For
simultaneous exposure during calcium signalling, cells were stimulated with anti-
CD3 at the same time they were placed into the fleld and control sites, and 0.3
ml samples were taken directly from the petri dishes for analysis at time points
up to one hour. Samples were analyzed on a Becton Dickenson FACScan flow-
cytometer for the number of cells out of 10,000 examined showing fluorescence

intensity above that of unstimulated fluo-3 loaded cells (Sei and Arora, 1991).
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Significance of changes between fleld and control samples was determined within
a single experiment using Kolmogorov-Smirnov statistics, or between groups of

experiments via 2 tailed Student's t-tests or ANOVA.

RESULTS AND DISCUSSION

Figure 1 shows the anti-CD3 stimulated calcium signal time course over a 10-
min period after cells were exposed to an induced 1 mV/cm, 60 Hz electric field
for thirty minutes. Results are the means of four experiments normalized to the
two minute peak of the medium value. As compared to the control situation, no
significant changes within individual experiments or between the groups of
experiments occurred. Prior experiments using a **Ca** endpoint noted a rapid
effect by a fleld close to calcium ion resonance conditions, that was present
during exposure but not detected following a 30-min pre-exposure (Lyle et al.,
1991). Consequently, we then conducted the same experiment by taking samples
during field exposure. In addition, two phases of calcium signalling are being
examined in our system. There is a rapid release of intracellular calcium stores,
which accounts for most of the initial peak, then a longer plateau phase which is
maintained by movement of calcium across the plasma membrane (data not
shown). It is conceivable that a fleld effect might not occur during the initial
peak, but then be noted during the plateau phase. Thus we extended the assay
pertod during the fleld exposure out to one hour. As scen in Figure 2, for a
norinalized group of four experiments, no significant changes occurred over a 1-h

time course during constant fleld exposure. Another possible contributor to a
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lack of an effect could be that the assays were being performed at room
temperature. We then conducted the same experiment at 37°C, as seen in Figure
3. For this experiment, no significant changes were noted between field and
control. A rapid loss of the dye was observed due to the 37°C incubation,
however, which has been attributed in some cells to an anion transport system
which actively excretes the dye (Di Virgilio et al., 1990). This, then, was a way to
concomitantly look at cellular function during the 1-h period of calcium signalling
montitoring. Figure 4 shows the percent of cells over time which lost fluorescence
below the fluo-3 loaded cell baseline. Again, no significant changes were
observed between field and control samples.

Since individual cell sensitivity to electric field stimulation has been
reported (Binderman et al., 1985), it may be that the rapidly-proliferating, fully-
transformed cell line Jurkat is insensitive to modulation by the field used in this
study, whereas partially-activated normal cells such as thymocytes are sensitive
(Walleczek and Liburdy, 1990). Also, calcium modulation at the surface of the cell
might be affected in Jurkat whereas intracellular signalling processes might not
be. Experiments are proceeding with Jurkat ahd also mitogen activated

thymocytes in order to address these additional questions.
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Figure 1. Time course of calcium signal in Jurkat E6-1 cells after a 30-min
exposure to a 238 Gauss sinusoidal 60 Hz fleld inducing a 1 mV/cm electric fleld
in the culture medium. Results are the normalized means of 4 exp =1 S.D. (n =

10,000 cells/exp).
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Figure 2. Time course of calcium signal in Jurkat E6-1 cells during exposure to
a 238 Gauss sinusoidal 60 Hz field inducing a 1 mV/cm electric field in the
culture medium. Results are the normalized means of 4 exp = 1 S.D. (n = 10,000

cells/exp).
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Figure 3. Time course of calcium signal in Jurkat E6-1 during exposure to a 238
Gauss sinusoidal 60 Hz field inducing a 1 mV/cm electric field in the culture

medium, conducted at 37°C and 24°C. Each point is derived from the analysis of

10,000 cells.
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Figure 4. Time course of lose of baseline fluorescence in fluo-3-loaded Jurkat
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E6-1 cells exposed to a 238-Gauss sinusoidal 60 Hz fleld inducinga 1 mV/cm

electric fleld in the culture medium, conducted at 37°C.
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ABSTRACT

Mitotically quiescent nconatal rat Schwann cclls were transfected with a plasmid
containing the SV-40 T antigen gene expressed under the control of the mouse metallothioncin-1I
(MT-I) promoter. Antisense oligodeoxynucleotides directed to the transcription initiation site as
well as the metal regulatory binding site of MT-I promoter did not exhibit sequence specific
inhibition of cellular proliferation when exposed to pulsed electromagnetic field (PEMF).
However, significant inhibition was obscrved in the absence of PEMF as demonstrated by [°H]
. thymidine incorporation into DNA. Immunofluorescence staining with monoclonal antibody to
SV-40 T antigen in the presence of PEMF also did not cxhibit significant decrease in SV-40 T
antigen protein suggesting that i’EMF can interact with the cell at the levels of DNA and RNA
and affect specific gene expression both in the nuclcar and cytoplasmic compartments of the ccll.
INTRODUCTION

Many biological responses have been reported in cells cxposed to inductively coupled
PEMF (1). PEMF has been uscd in the clinical sctting for the trcatment OF non-unions and
pseudoarthroses of bone (2) via stimulation of bone growth and collagen synthesis in ostcoblast-
like cells (3). Specific waveforms between 15 and 4000 Hz have been shown experimentally to
stimulatc DNA synthcsis (4).

PEMF was applicd continuously to the transfected Schwann cells trcated with
oligodeoxynuclcotide to asccrtain any possible cffects on base pairing by complementary
oligodeoxynuclcotides and their ccllular nucleic acid targets. Interference with complementary
basc pairing was assessed by comparing the degree of antisensc inhibition observed with and
without PEMF cxposurc and thc amount of SV-40 T antigen present in antiscnse

oligodcoxynucleotides trcated transfected Schwann cells immunocytologically stained with




monoclonal antibody to SV-40 T antigen.

MATERIALS AND METHODS
1. SYNTHESIS AND PURIFICATION OF UNMODIFIED OLIGODEOXYNUCLEOTIDES
Oligodeoxynucleotides were synthesized on the 1 uM scale using an automated DNA
synthesizer (Applied Biosystem, Inc.) following the phosphoramidite protocol supplicd by the
manufacturer. After deblocking in concentrated ammonium hydroxide, the oligodeoxynucleotides
were purified by thin layer chromatography using precoated silica gel 60 plates (EM Science).
The full length oligodcoxynucleotides were cxtracted and resuspended in sterile water and
concentration determined by spectrophotometry at 260 nm.
2. TARGET SITES OF OLIGODEOXYNUCLEOTIDES
Oligodeoxynuclcotides were synthesized to the following target sites on the fusion plasmid
pMtsv.nco containing the SV-40 T antigen gence under the control of the mouse MT-I promoter
inserted into pMK-TK (HSV thymidine kinasc).
Oligo 1: CAG TGG TGC TGA AGT TGC (Antiscnsc to S'tcrminus of SV-40 T antigen mRNA)
Oligo 2: TGG GAA ACG CGG GCC TGA (Antiscnse to mctal regulatory sitc of MT-I promoter
on plasmid DNA)
Oligo 3: TAC CGA AGC ATG GGG CCG (Antiscnsc to S'terminus of TK mRNA)
Oligo 4: GTC ACC ACG ACT TCA ACG (Scnsc to S'terminus of SV-40 T anticen mRNA)
Oligo 5: 18 mer random mixed oligodcoxynucleotide
3. TRANSFECTED SCHWANN CELL CULTURE AND ANTISENSE INHIBITION
PROTOCOL
Stably transfected Schwann cell line were grown routinely in DMEM containing 10

hcat-inactivated FBS. Approximatcly 2000 cells werc initially sceded into cach of the 96 well




microtiter plates. On day 3 and day 5, the cultures were changed to fresh medium supplemented
with the appropriatc oligodcoxynucleotides.
4. CELL HARVESTER ASSAY OF [*H] THYMIDINE UPTAKE

For thymidine uptake assay, [*H] thymidinc was added into culturc on day 8. After 24
hours, the cells were washed, collected on filters and [*H] thymidine incorporation dctermined
by liquid scintillation counting.
S. INDIRECT IMMUNOFLUORESCENCE

SV-40 T antigen was detected by indirect immunofluorescence (S) on day 9 of culture,
by employing monoclonal antibody to SV-40 T antigen (6) as the primary antibody. The
fluorescein conjugated goat ant%—mousc IgG antibody was uscd as the sccondary antibody.
6. PEMF EXPOSURE

Transfected Schwann cells were exposed continuously to PEMF using a Biostcogen Model
CU-204 (Elcctro-Biology, Inc.) 15 Hz pulsc train signal generator two hours post trcatment with
oligodeoxynuclcotidcs.
7. AUTORADIOGRAPHY

Oligodcoxynucleotides were radio-labeled by terminal transfer using Dupont/NEN 3'end
labeling system and [¥S] dATP. On day 3, Schwann ccll cultures initially sceded on cover slips
were incubated with [*S] labeled oligodeoxynucleotides for 2 hours. The cells were washed,
fixed in 4% paraformaldchyde. The cover slips were then coated with Nuclear Track Emulsion
and cxposed at room temperature for 2 days. After exposure, the coated cultures on coverslips
were developed and stained with hematoxylin.
RESULTS

Table 1 shows the cffect of 2.8 uM oligodeoxynucleotides on ['H] thymidine uptake of




transfected Schwann cclls with or without PEMF cxposurc. Antiscnsc oligodcoxynuclcotides
exhibited 12% to 32% inhibition of thymidinc uptake while sensc and random mixed control
oligodeoxynucleotides exhibited 0% to 11% inhibition without PEMF cxposurc. When the
cultures were exposed to PEMF, the antiscnse inhibition was antagonized, ic., there was no
difference in [°H] thymidine uptake between antiscnse oligodcoxynucleotides treated cultures and
control oligodeoxynucleotides treated cultures.

Indirect immunofluorescence staining for SV-40 T antigen visually demonstrated the
abolition of antisensc inhibition by PEMF exposure. The nuclear fluorcscence corresponding to
the SV-40 T antigen was decrecased by antisense oligodcoxynucleotides targeted to both the
nuclear (Fig. 1b) and cytoplasmic (Fig. 2b) compartments of the transfccted Schwann cells. But,
with PEMF exposure (Fig. 1a & 2a), there was no cvidence of decrcased nuclear fluorescence.
The immunofluorescence data correlated well with cffect of PEMF exposure on {1} thymidine
uptake.

Localization of nuclcar and cytoplasmic targeted antisensc oligodcoxynucleotides were
performed by autoradiography of the respective antisense oligodcoxynuclecotides. The antisense
oligodcoxynucleotide targeted to the nucleus of the cell (Fig. 3a) gave a nuclear pattern of ccll
labeling whereas the 2-.isense oligodeoxynucleotide targeted to the cytoplasmic compartment of
the cell (Fig. 3b) gave a perinuclear pattern of cell labeling. This demonstrated that both nucleur
and cytoplasmic targeting antisense oligodcoxynucicotides were able to complement with their
appropriate targets both in the nuclear and cytoplasmic compartments of the ccll.
DISCUSSIONS

Scquence  specific inhibition  of SV-40 T antigen  cexpression by antisensc

oligodcoxynucleotides targeted to different sites of the fusion plasmid pMt sv.nco were decreased




by exposure to PEMF. This was demonstratcd by utilizing two different assays, [3H] thymidine
uptake and indirect immunofluorcscence. This suggested that PEMF exposure can interfere with
antisense inhibition both in the nuclear and cytoplasmic compartments of the transfected Schwann
cells. Thus, it is possible to conjecturc that PEMF can interact and potentially modify nucleic
acids binding and their intcractions with other macromolecules both in the nuclear and
cytoplasmic compartments of the cell.

As a further demonstration that PEMF cxposure can modify antisense inhibition to both
nuclear and cytoplasmic compartments of the cell and that the antiscnse oligodeoxynuclcotides
can indeed complement with their nuclear and cytoplasmic nucleic acid targets, we radio~labeled
oligodeoxynucleotides that were targcted to both the nuclear and cytoplasmic compartments of
the cell and performed autoradiography. The labeled oligodecoxynucleotides that were targeted to
the nuclear compartment of the cell exhibited localization of label primarily to the nucle s of the
transfectcd Schwann cells after two hours incubation. The labeled oligodeoxynucleotides that was
targeted to the cytoplasmic compartment of the cell exhibited perinuclear pattern of labelling after
two hours of incubation. The autoradiographic results confirmed that  antisensc
oligodeoxynuclcotides can be targeted to both the nuclear and cytopiasmic compartments of the
ccll. Therefore, it is possible to conclude that in the thymidine uptake and immunofluorcscence
studies, PEMF cxposurc interferes with antisense inhibition both in the evtoplasmic and nuclear

compartments of the transfected Schwann cell.
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FIGURE LEGEND

Table 1. Effect of 2.8 uM oligo deoxynuclcotides on 3H thymidine uptake of transfected
Schwann cells with and without PEMF exposure.

Figure 1. Indirect immunofluorescence microscopy of transfected Schwann cells treated with
Oligo 1, antisense to S'terminus of SV~-40 T antigen mRNA. a) with PEMF cxposure b) without
PEMF exposure.

Figure 2. Indirect immunoﬂudrcsccncc microscopy of transfected Schwann cells treated with
Oligo 2, antisense to metal rcgulatory sitc of MT-1 promoter on plasmid DNA. a) with PEMF
exposure.

Figure 3. Autoradiography of transfected Schwann cells with 35S labcled a) Oligo 2

b) Oligo 1.



TABLE

'-f"'.‘f'lc

1

DEQ




Vi
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ABSTRACT

Bone grafts have been used extensively in craniomaxillofacial surgery. When bone is used
as an onlay graft to altcr facial contour, thc volume of graft maintainced is unpredictable.
Therefore, any intervention making graft survival more predictable and permanent would find
wide application in plastic and rcconstructive surgery. We have, therefore, examined the effect
of extremely low frequency (ELF) electromagnetic ficld exposure on onlay bone grafts to the
facial skeleton in the rabbit model. Concurrently, we also assessed the effectiveness of a single
application of chemical agents to bone grafts intraoperatively. These stable chemical agents were
chosen because they induce in vitro the same second messengers which mediate the actions of
various growth factors that are ihvolvcd in ostcogenesis in ostcoblast cultures. Twelve adult male
New Zealand white rabbits were used in this pilot study with two rabbits in each trcatment group.
Each rabbit underwent harvest of two iliac crest (cndochondral bone) and two calvarial
(membranous bonc) grafts of known volume, measured dircctly by a caliper. The grafts were then
implanted subpcriostcally onto the rabbit snout after a single fiftcen m.inutcs inersion in
Dubecco Modificd Eagle's Mcdium (DMEM) with one of the following agents: 0.1 uM forskolin,
0.5 uM phorbol 12-myristatc 13-acctate (PMA) 10 uM calcium ionophore A23187 or 0.4 uM
beta-glycerol phosphate. The control grafts were immersed in DMEM alonc for fiftcen minutcs.
Grafts in ELF cxperiment were immersed in phosphate buffered saline for fifteen minutes. Post
rccovery, they were cxposed for two to six hours per day, five days per week for twelve weeks
to 60 Hz CW at onc gauss. At the end of twelve weceks, the rabbits were sacrificed, the final graft
volume mecasurcd by caliper and the pereent of grafts remaining  calculated. In all treatment
groups, rcsorption was less for the membranous bone grafts than for the endochondral bone

grafts. All trcatment groups had a greater percent of graft volume remaining at the end of twelve



weeks than control grafts. The trcatcd membranous grafts all exhibited final volumes greater than
initial graft volumes with beta-glycerol phosphate treatment having the largest effcct on final
graft volume. ELF exposcd grafts appcarced to exhibit a dosc-response relationship.
INTRODUCTION

Bone is onc of the few tissues in the human body that posscss the capability of
regeneration post injury. Naturally occurring proteins which participate in the healing process
have been known to exist from the time epidecrmal growth factor was isolated. Tran;forming
growth factors, platelet—derived growth factor and fibroblast growth factors have all been shown
to affect bone metabolism in cell culturce’.

Bone grafts have been used extensively in craniomaxillofacial surgery. When onlay bone
grafts are used to alter facial contour, thec volume of graft maintained is unpredictable. Any
intervention making graft survival more predictable and permanent would have wide clinical
applications. Elcctrical stimulation of onlay bonc grafts have been reported to decrease graft
resorption?, but it inherently has several disadvantages when compared with.clcctromagnctic ficld
exposure. All clectrodes are subject to some clectrolysis which have delcterious cffect on
ostcogenesis.> In addition, the electrode-stimulated bone formation is spatially limited due to
the small size of the clectrode compared to the repair site and would necessitate open reduction
with its attendant surgical hazards and complications.

Specific changes have been shown following exposure of cells to clectromagnetic ficlds
in the extremely low frequency (ELF) range. Perturbations from normal biological processed have
been observed in changes of ion flux, mRNA synthesis and DNA synthesis*™ . ELF ficlds have
also been used clinically for the treatment of non-union fractures and arthodescs”.

Therefore, the cffect of ELF clectromagnetic ficld exposure on ontay bone grafts to the facial




skeleton was examined in the rabbit modecl. Concurrently, we also assessed the cffectiveness of
a single intraoperative immersion of onlay bone grafts to stable chemical inducers of various
second messengers known to be involved in ostcogenesis in in vitro ostcoblast culture systems.”®
MATERIALS AND METHODS

Twelve adult malc New Zealand white rabbits were used in this pilot study with two
rabbits in each treatment group. Each rabbit underwent harvest of two iliac crest (endochondral
bone) and two calvarial (membranous bone) grafts of known volume, mecasured directly by a
caliper. The grafts then were implanted subpcriostcally onto the rabbit snout after a single fiftecn
minute immersion in Dubecco Modified Eagle's Medium (DMEM) with one of the following
agents: 0.1 uM forskolin, 0.5 u:M phorbol 12-myristate 13-acctate, 10 uM calcium ionophore
A23187 or 0.4 uM beta-glyccrol phosphate. The control grafts were immersed in DMEM alone
for fifteen minutes. Grafts in ELF experiment were immersed in phosphate buffered saline for
fiftcen minutes and were exposed to two to six hours per day, five days per week for twelve
wecks of 60 Hz continuous waves at one gauss in plastic cages placed inéidc Hclmholtz coils.
All rabbits reccived food and water ad lib. and alternating twelve-hour light and dark cycle in
temperaturc and humidity controlled animal facilitics. At the cnd of twelve weceks, the rabbits
were sacrificed and the final graft volume measured and the percent of graft remaining were
calculated.
RESULTS

In all trcatment groups, membranous bone graft's resorption was much less than
cndochondral bone graft resorption (Table 1). All treatment groups had a greater percentage of
graft volrme remaining at the end of twelve weeks than control grafts. The treated membranous

grafts all exhibited final volumes greater than initial graft volumes with beta-glycerol phosphate




treatment having the largest effcct on final graft volume. ELF cxposed grafts appcarcd to exhibit
a dose-response rclationship of the final graft volume with the duration of ELF exposure (Figure
1).

DISCUSSION

The resorption of membranous bone grafts were less than endochondral bone grafts in our
rabbit model which is in agrecment with the literaturc.’ It is intcresting to note that membranous
bone grafts in most treatment groups had appreciably larger final graft volume. This suggest that
de novo bone deposition may have occurred.

The cellular and biochemical mechanisms of bone healing in general are just beginning
to be understood !, The basic mechanism and initiating factors in ccllular response to ELF
ficlds are not well understood. Showing cffccts of chemical agents and ELF clectromagnetic
ﬁclds in this rabbit snout model may lead to an increased understanding of ostcogencsis that may

have wide applications in orthopedic surgery, plastic surgery and treatment of metabolic bone

disorders.
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INTRACELLULAR CALCIUM SIGNALLING BY T-LYMPHOCYTES
EXPOSED TO 60-Hz MAGNETIC FIELDS. Daniel B. Lyle, Lee A. Rosen,
Thomas A. Fuchs, and Mays L. Swicord. @CDRH, Food and Drug
Administration, Rockville, MD 20857.

To explore possible biochemical mechanisms whereby weak electromagnetic
fields might affect immune cells or developing cancer cells, we studied
intracellular calcium signalling in Jurkat E6-1 human T-leukemia cells and
in rat thymocytes during exposure to 60-Hz magnetic fields. Cells were
labeled with the intracellular calcium-sensitive fluorescent dye fluo-3,
stimulated with mitogens or a monoclonal antibody against the cell surface
structure CD3 (associated with ligand-stimulated T-cell activation), and
analyzed on a FACScan flow-cytometer for increases in intensity of emissions
in the range of 515-545 nm. Cells were exposed during or before calcium
signal-stimulation to a 60 Hz magnetic field superimposed upon a static
magnetic field, "tuned" to *“°Ca* according to the theory proposed by V.V.
Lednev (Bioelectromagnetics 12:71-75; 1991). Samples consisted of 5-ml
volumes of cells in normal culture medium, placed in 50-ml centrifuge tubes
in two vertically oriented solenoids in a single circulating flow-through water
bath with water maintained at 24°C or 37°'C. The total DC magnetic field of
782 mG was aligned 17.5 off the vertical axis. The 60 Hz AC field was
adjusted to 1.5 Gauss along the solenoid axis, thus providing the appropriate
component (1.44 Gauss) along the total vector of the DC field. When Jurkat
was preexposed for twenty minutes to the field at 24°C, then stimulated by
anti~-CD3 and exposed to the field for twenty more minutes, no significant
change occurred between field and control calcium signals. When calcium
signal stimulation plus field exposure occurred simultaneously over a ten
minute period at 37°C, again no field effect was observed. Similar data was
obtained using normal rat thymocytes stimulated with optimal concentrations
of mitogen. These experiments demonstrate that intracellular signalling in
Jurkat E6-1 and rat thymocytes was not affected by a "Lednev Field" tuned to
calcium, when culture and calcium signal-stimulation was optimal. Further
experiments are proceeding to examine the effect of the field on calcium
signalling in these cells under suboptimal conditions of 1) mitogen or
antibody concentration, and 2) of external calcium availability.
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FIGURE 1. Effcct of 60-H7 continuous wave exposure 1or 3 min on the totad RNA tluores-
cence of Daudi, HE-00, and human penipherat hvmphoavies, Increasing RNA fluorescence
corresponds 1o a sintt o the night on the abserssa—ATHE-otbexposed. A2 HL-00 control: Bl:
Daudi exposed. B2: Daudi control: CL lvmph exposed. C20 hvmph control,

FIGURL 20 Blect of PEME exposure Jor 30 pun on the totad RNA flumescence ot Dauda,
HE-60 and penpheral human lvmphocvaes, Tnareasime RNA fluoreseencee correspomds 1o .
st to the neht on the absassa - AT HT 60 cxposed, A2 L 00 control, BE Dandi exposeid,
B2 Dandrconnob CF ivmph exposed, C20ivmph connrol
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RESULTS
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nous fcukeming cells exposed o PEME. The muaanitude of the RNA fluoreseenee
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DISCUSSTION
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cellular transcoption.
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EFFECTS OF ELF ON C~MYC ONCOGENE EXPRESSION IN NORMAL AND TRANSFORMED HUMAN CELLS

E. Czerska*, J, Casamento*, Ch. Davis+, E. Elson”, J. Ning*~,

and M, Swicord*, *Center for Devices and Radiological

Health, Rockville, MD 20857; +University of Maryland Electrical Engineering Department, College Park, MD 20742; and

Walter Reed Army Institute of Research, Washington, D.C. 20307,
37831-0117,

from Oak Ridge Associated Universities, Oak Ridge, TN

Abstract: Cell cultures of the human lymphoma cell
line, Daudi, were exposed to 2.5. 5, 7.5.or 10 Gauss
extremely low frequency magnetic fields. Transcription
of the genetic marker, c-mvc, was determined in cultures
exposed for various time periods. Increases of c-myc
transcripts were detected 1n some exposed cell cultures.
The increase of the transcripts appeared to show
dependence both on the applied field and exposure
duration.

INTRODUCTION

Epidemiological., animal, and in vitro studies
suggest linkage between exposure to 60 Hz sinusoidal
electromagnetic fields (EMFs) and incidence of cancer
(see review in (4]). The main concern is exposure to
transmission power lines and to several electric
devices. The existing data are still controversial, as
they do not fully support the idea of extremely low
frequency (ELF) EMFs being a cancer promotor. The data
also do not exclude this possibility. In addition, no
mechanistic basis has been established for ELF as a
cancer promoting agent; this leads 5 further
controversy.

Exposure to ELF EMFs is known to increase the
level of several gene transcripts. Reba Goadman and
coworkers [2,5] showed changes in gene transcription in
Drosophila salivary gland cells and in HL-60, a human
promye logenous leukemia cell line (beta-actin, histone
2B and c-myc). Jerry Phillips [3] reported increased
transcription of the genes encoding c~myc, c-~fos, c~jun,

and protein kinase C 1n human cell lines. The
utilization of various exposure systems and the
characterastics of applied fields, as well as

differences among biological models, lead to problems in
comparing results, However, the above papers report
increased gene transcription following exposure to ELF
EMFs.

We focused our research on transcription of the
c-myc oncogene, We have examined transcription in two
transformed human cell lines (Daudi lymphoma and HL-60)
and in normal human peraipheral lymphocytes.
Transcription was exanined by Northern blot
hybridization analysis. Exposure for 30, 45, 60, or 180
min., to 60 Hz continous waves at 1 gauss resulted in
1ncreased expression of c-myc oncogene expresslon in
Daudi cells. No appreciable changes were noticed 1n c-
myc expression in HL-60 and peripheral human
lymphocytes. The presence of a chromosomal
translocation involving the c-myc locus in the Dauda
cells (6] be an explanation for the increased c-myc
transcription in this cell line.

We have expanded our experiments on Daudi cells
by 1ntroducing different exposure parameters. In the
present experiments, cells were exposed to 2,5, 5. 7.5,
or 10 gauss, 60Hz sinusoidal EMFs. Positive results
were obtained.

MATERIALS AND METHODS

Human cancer cell lines were obtained trom the
American Type Culture Collection, Rockville, MD 10852,
and cultured i1n RPMI-1640 medium with 20% fetal bovine
serum. Cells were grown 1n an CO, incubator, 5% CO, to
a density of 5x10%/ml, and resuspended at the same cell
densaity 1n fresh medium | hour prior to ELF exposwve.
Cell suspensions were placed 1n 30 ml aliquots in
Corning 17% tissue culture tlasks and exposed for 15,
10, ar 60 min. to 2.5, 5, 7.5, or 10 gauss (G) b0 Hz
sinusoidal EMF 1n the incubator, 5% €O,, at 37* C. Each
exposure tlask was accompamed by an i1dentical control
tlask that was placed 1n the y metal box in the same
incubator. Atter exposure, total RNA was ammediately
extracted with guamdinium 1sothyocvanate and the RNA
pelleted by CsCl step gradient ultracentritugation, The
puritied total RNA samples were then run in a denaturing
tormaldehyde agarose gels and transferred to polyuer
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membranes (Northern blot separation technique).
Phasphorus-32-labelled DNA c-myc and beta-actin probes
were used to hybridize against the Northern blots. The
commercially available c¢-mve probe tOncor, Inc,) shoved
specificity with RNA 1n our laboratory, However,
commercial beta-actin (Oncor. Inc.' was not adequately
specific, suo we used a probe prepared at the Medical
College of Virginia, Richmond. The RNA samples from
both exposed and control cells were probed at the sare
time. Autoradiography was carried out at -70* C for 2-3
days. A laser scanning densitometer was used to
quantitate the intensity of hybridization of the two
probes. The ratio of densitometer values, exposed :
control, was determined. Data are presented as that
ratio. Values were normalized to densitometer values of
beta-actin.

RESULTS

Analysis of Northern blots showed increased
expression of c-myc oncogene following 60 min. exposures

to ELF. The increase 1< apparently dose dependent, with
the exposed : control ratios varving from 1.62 at 2.5
G and 1.75 at 7.5 G, to 2,07 at 10 G exposures.

Consistent patterns of reactions were not observed after
exposures at other applied fields and for other exposure
durations. The results are presented in Table 1.

Table 1. Laser densitoretric quantitation of c-mvyc
expression normalized to beta-actin to compensate for
difference 1n sample loading. Ratio exposed : control.

Exposure Applied Fields., G
Time (min)

1.5 T 10
15 1.16 0,40 1.29
30 1.34 1.01 1,42
60 1.62 1.75 -

Long exposure durations, 1.e.. 3. h, or 1.
hours, did not show any differences between exposed and
control samples. This was an expected result, 1nastuch
as the gene transcripts are short-lived.

DISCUSSION

Previouslv published data on the exposure of
normal and transtormed human cell lines [1] showed
increased c-myc expression follawing 1 hour exposure to
60 Hz sinusoidal FMF 1n Daudi lvmphoma cells known ta
carry a translocation in ¢-myc locus on the chromosome.
Na differences 1n c-mve expression were observed in the
HL-00 cells and 1n human perapheral lvmphocvtes. The
expression of c-mvc appeared to depeud on the dose and
on duration of the applicd field. Although Northern
blot analysis provided relative data about speciric gene
products, quantafication 1s ditficult. Some sources of
variation include variations in dosimetrv readings for
exposure of cultures, 1n autoradiography, and 1n
deusitometry, Other methods =hould be emploved to
measure specific levels ot transceripts. in oider to
reduce varaiability and to provide a4 clear basis tol
inteypretation,
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